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SUMtAR

This report represents the results of a study to validate Military Specifi-
cation MIL-F-9490D (USAF), "Flight Control Systems - Design, Installation
and Test of Piloted Aircraft, General Specifications for," dated 6 June 1975,
by performing a detail comparison of its requirements with the C-5A develop-
ment and characteristics.

The comparison was based on the initial C-5.4 and the Active Lift Distribution
Control System design, development testing and analytical requirements and
results. Test and analytical data are presented or diseuesed where appro-
priate. If the requirement was not met, the reasons why compliance was either
not necessary or not desirable were usually given. When appropriate, an
assessment was made as to whether the requirement stringency is too lenient,
good or too strict. If a change was believed to be necessary to improve the
practicability, accuracy or completeness of the requirement, a recommendation
for change is made and supported.

Lockheed concluded that some changes were desirable; that the specification
represents a worthwhile advancement towards clarifying flight control system
related procurement requirements; and that, with recommended revisions, it
is applicable to future transport type aircraft.

Problems were experienced in interpreting two particular requirements. These
were 1.2.1 FCS Classifications and 1.2.3 FCS Criticality. These requirements
were reviewed and reconnended for revision several times over the span of the
validation. Each reviewer contributed something worthwhile to clarify the
requirements, but there was usually disagreement about their meaning. Finally,
changes were recommended for these requirements which are logical, compreher.-
sible and compatible with the FCS design development process and the intent
of Specification MIIF-949OD.
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SECTION I

INMROIXTION

This report is prepared as part of a continuous effort by the Air Force
Flight Dynamics Laboratory, Wright Patterson Air Force Base, Ohio, to
update and improve Military Specification MIL-F-9490, "Flight Control
Systems - Design, Installation and Test of Piloted Aircraft, General
Specification For." The specification contains requirements that are
applied by the aircraft industry in design, development, and ground and

~ flight test demonstrations of new airplanes.

Section II of this volume presents brief descriptions of the Lockheed
C-5A heavy logistic transport airplane and its flight control system (FCS).
The C-5A is an operational long-range, all-weather, high-altitude, high-
subsonic heavy logistics transport. Its flight control system was designed
to meet the eystem requirements set forth in CP 40002-6B, "Performance/
Design end Product Confirmation Requirements for C-5A Air Vehicle, Flight
Control Subsystem," which were necessary to accomplish the missions defined
for the C-5A. lhe basis for this specification was MIL-F-9490C and would
be equivalent to the controls specification required by MIL-F-9490D, Para-
graph 4.4.2.

The validation methodology, presentation format and individual validations
"are presented in Section III of this volume. Each C-5A applicable require-
ment and other requirements of particular interest to Lockheed have been
subjected to the validation process. The evaluations were based on C-5A
requirements and existing C-5A ground test, flight test and analytical
data. The depth of validations varied dependent upon the availability of
data. C-5A data, however, were generally plentiful and sufficient for
the thorough evaluations conducted. -t

From the validation process, conclusions about the applicability of each
requirement to the C-5A and the next generation transport aircraft FCS
with respect to practicability, accuracy and completeness were developed.
To insure to the reader the necessary insight into the validation process
and to Justify conclusions and recommendations about the C-5A and its FCS
characteristics and operation in many individual requirements validations,
a tabular stmmary of the C-5A validation study is presented in the Summary.
It identifies each particular requirement validated as to whether a change
was recommended, what level of C-5A compliance was established, whether
the stringency was considered suitable and whether or not we recommend
additional data to be included in the "Users' Guide."

Recommendations to improve the specification and "Users' Guide" are presented
in Section V. The recommendations are based on the realizatiou that the
specification strives for cost effective FCS which permit the aircraft to
satisfy the USAF mission performance reliability requirements and provide
the desired flying qualities during rormal operations and after failures.

, - -I " --.
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SECTION II

AIRPLANE DESCRIPTION

1. General Physical Characteristics

The C-5A is a Class III (heavy logistic transport) airplane as classified
in Paragraph 1.3 of ML-F-8785B. It is a long range, all weather, high
altitude, high subsonic, swept wing, T-tailed airplane with relatively short
field performance capability. The C-5A is powered by four General Electric
TF-39 turbofan engines equipped with thrust reversers. Inflight reverse
th.ust is available from the inboard engines for rapid or emergency descent.
The C-5A basic configuration and dimensions are shown in the general arrange-
ment, Pigure II-1.

The aircraft gross weight ranges from 319,809 lbs. empty to 769,000 lbs.
maximum design gross and can carry up to 265,000 lbs. payload of a wide
variety such as heavy-wheeled combat support equipment and personnel. Aerial
delivery of single package payloads of 86,000 lbs. has been demonstrated and
up to 200,000 lbs. may be air dropped in multiple packages when the aft cargo
door is opened.

A retractable, high flotation landing gear system is provided and contains
steerable nose gear and main gear which can be set "crabbed" for crosswind
take-off and landing.

Hydraulic and electrical power are supplied from each engine for normal
flying. Two auxiliary power units supply electrical, pneumatic and hydraulic
power for engine starting and for ground operation, maintenance and systems
check-out.

2. Plight Controls

2.1 General

The C-5A flight control functions are listed and generally defined below.

Manual. Plight Control Systems (MNCS). MFCS are those using pilot commands
as the primary action to initiate control system activity to provide changes
in airspeed, control f -tes and moments necessary to produce changes in alti-
tude, heading, attitude and flight path. MFCS functions include pitch, roll,
yaw, side force, lift, drag, trim and thrust.

Aerodynamic Enhancement Flight Control Systems (AEFCS). AEFCS are those sys-
tems which improve ride qualities, improve stability of the aircraft or aug-
ment the pilot's ability to control.

Automatic Flight Control System (AnCS). AFC." are those systems providing
automatic maintenance of or diversion from established flight path condition
and/or pr'oviding dedicated displays for pilot primary control of the flight path
or for monitoring automatic control. AFCS provides automatic activity primarily

./
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independent of pilot cocmnands except as required for control wheel steering
or to activate, deactiv&te, pre-select or reselect modes of operation. AFCS
provide automatic control of such preselected flight conditions as airspeed,
altitude, attitude and heading. APCS may also provide automatic flight path
control such as terrain following and precision course direction (auto land
and auto nav). The AFCS includes autopilots, autothrottles, flight directors
(including flight instruments), and similar control subsystems.

Limiting Flight Control Systems (LFCS). LFVS are those FCS which provide
structural lo!d alleviation or flutter suppression. These controls may act
automatically to reduce the combined loads effects of maneuvering when encoun-
tering external disturban'2e (gusts and turbulence). Also they may provide
fixed or varying degrees of aerodynamic damping necessary to assure overall
flutter-free oneration.

Table I shows the flight control surfaces, devices and subsystems which pro-
vide these control functions. The control functions are powered from four
independent hydraulic systems and four electrical power systems which provide
AC or DC power appropriate for each application. The hydraulic power distri-
bution is shown in Figure 11-2 and the electrical power distribution is shown
In Figure 1-3. The FCS functions and operation are discussed in greater
detail in the following paragraphs.

2.2 Roll Axis Flight Control System

Roll axis control subsystems are listed below irrespective of their classi-
fications:

o Ailerons o Stability Augmentation (SAS)
o Spoilers o Active Lift Distribution (ALDCS)
o Manual Trim o Autopilot
o Mechanical Feel

Roll control is provided by ten flight apoilers operating differentially in
conjunction with two conventional ailerons. These spoilers also deploy

*, rsymmetrically as ground spoilers after touchdown.

The spoiler/aileron interface is shown on Figure ii-4ý. A mix box in each
wing converts an input signal from the aileron cable system to a shaped input
to the flight spoilers. The same mix box relays an input signal from the

* ground spoiler cable system to the flight spoilers when they function as
ground spoilers.

The aileron servos respond to mechanical inputs from the pilots, autopilot,
and a series of electromechanical trim actuator located in the linkage to each



TABLE 1
C-5A FLIGHT COwROL (FC) F•N•CIONS

Flight

Control Function Surfaces/Devices 3nd Suboysterq

MKCS:

Maneuver All Elev., Var. Feel, and Elevator Manual
Controls

Ailerons, Spoilers, and Aileron Manual Controls
Both Rudde -s and Rudder Manual Controls

Trim Horizontal Stab. (Normal & Emer.)
Ailerons and Trim Controls
Both Rudders and Trim Controls (Norm)
Both Rudders, Yaw Aug. MaLn. Trim (Emer.)

Lift/Drag T.E. Flaps, L.E. Slats, Ground Spoilers

Thrust Throttles Control System

AEFICS:

Stability Aug. Inboard Elevators and SAS
Ailerons and SAS
"Both Rudders and SAS

Stall Warning Stick Shaker and Audible Warning

Stall Limiting (None)

AFCS:

Auto Control All Elevators, Horiz. Stab. and A/P (Auto
Pilot) Systems

Ailerons, Spoilers and A/P System
Both Rudders and A/P System

Automatic Thrust Auto-Throttle System

Dedicated Displays Flight Director and Flight Instruments
Angle of Attack System and fListruments

Load Control Inboard Elevators, SAS and ALECS

, Ailerons,. SAS and AIDCS

Limiting Both Rudders and Rudder Limiter

!5
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servo. Electrical inputs from an automatic flight control computer acting
through a series dual hydraulic Stability Augmentation System (SAS) servo
within each aileron servo provide for lateral stability augmentation and
active lift distribution control.

The spoiler servos respond to mechanical inputs from the pilots, autopilot,
and an electromechanical up-rig/skafter actuator located in each mixer. When
the trailing edge flaps extend to approximately 32 degrees, an electrical
signal to the ratio shift actuator up,-rigs the flight spoilers 3 degre,ýs
from the faired position. This is done to minimize the loss of spoiler-flap
lift with roll control.

A simple mechanical feel/centering sp,'ing is attached to the roll control
input system. Additional feel is obtained from the flight spoiler closing
springs attached to the outboard flight spoiler input quadrant and a centering
cam assembly located on the cable quadrant at each aileron servo.

An electromechanical trim actuator is located in the input linkage of each
aileron control servo assembly and is in series with the pilot input ;ystem.
Operation of the aileron trim knob, located on the center console, r 3ults.
in retraction or extension of the trim actuator, which serves as a w' 3hanical
input to the eileron control servo assembly. Each aileron trim actu.tor may
be energized separately, by operating a switch located to the side c: the
aileron trim knob, to provide roll trim in the event one actuator ii inoperable.
An indicator with dual pointers, located in the flight station, indicates the
position of each aileron relative to the faired position.

The roll control system includes conventional pilot's and copilot's control
wheels with rotation from neutral to +60 degrees. Corresponding control sur-
face deflectione are shown in Figure 11-4. The SAS, ALDCS and autopilot
subsystems will be discussed foZ all axes later in this section.

2.3 Pitch Lxis Flight Control System

Pitch axis control subsystems are listed below irrespective of their classifi-

cations:

o Inboard Elevators o Stability Augmentation (SAS)
o Outboard Elevators o Active Lift Distribution Control (ALDCS)
o I4wnu & Trim o Stallimiter
o Variable Feel o Autopilot

Pitch control is provided by means of four separate elevator surfaces hinged
at the rea, beam of the horizontal stabilizer. The elevator control system
is shown achcmatically in Figure 11-5. Control column motion is transmitted
through a cable system to the full-power, irreversible type hydraulic servos

9
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which power each surface.* Inboard elevator surfaces are structurally inter-
connected by a mechanical linkage, and each is powered by a dual actuator
servo package. Each outboard surface is powered by a triple hydraulic sarvo,
package. Normally, the left Land inboard elevator is powered by system 2 and
the right hand inboard elevator is powered by system 3. The pilot can switch
on the inactive system after a hydraulic system failure to maintain power to
both surfaces.* The outboard elevators are normally powered by hydraulic sys-
tems 1, 2, and 3.

All four elevator servos respond to mechanical inputs from the pilots and
autopilot. The inboard servos additionally respond to electrical inputs
from a SA flight control computer. Each inboard servo incorporates a dual
hydraulic series SAS servo.

An elevator artificial feel subsystem provides the pilots and autopilot with
appropriate feel forces to permit sufe maneuvering of the aircraft through-
out its operational flight envelope. This subsystem consists of three types
of force-producing components:

1.* The system-centering spring plus four servo centering springs

2. The bobweight effects of the control coluzmns and the stick shaker
mounted on each

3. The system variable feel unit (varies feel with dynamic pressure)

The pitch trim system includes the horizontal stabilizer actuator and its
input systems. A high degree of safety is inherent in the system since two
electrical input signals are normally required before the actuator can operate
and the scrc.wjack is a dual structural path irreversible linear device.

Pitch trim is accomplished by movement of the entire horizontal stabilizer,
but its control is independent of the primary pitch control system (elevators).
The trim actuating and indicating systems are shown in Figure 11-6. Main fea-
tures of the pitch trim system are listed below:

o One pitch trim actuator
o Two 6lectrical commnand systems
o One mechanical eonmmand system
o One autopilot commnand system to signal the screw drive
o Pour horizontal stabilizer position-limit switches
o Two independent hydraulic-powered trim drive gear boxes

o One horizontal stabilizer position indicator system
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2.4 Yaw Axis Flight Control System

Yaw axis control subsystems are listed below irrespective of their classifi-
cations;

o Upper Rudder o Rudder Limiter
o Lower Rudder o 3tability Augmentation (SAS)
o Vanual Trim o Yaw Aug. Manual Trim
o Mechanical Feel o Autopilot

Directional control is provided by upper and lower rudders. Each surface is
powered by a dual hydraulic, fully powered servo. The rudder control system
is shown schematically in Figure II-7. Hydraulic systems 2 and 3 power the
lower rudder and systems 1 and 3 power the upper rudder. Panual maneuvering
in the yaw axis is accomplished by displacement of conventional rudder pedals.
Superimposed upon the manual input system, in a series fashion, is the SAS,
which has the authority of 20.5 degrees of surface travel.

Rudder pedal nose wheel steering allows either pilot to command nose wheel
deflection w.th pedal travel. This control provides assistance to the rudder
in yaw axis control of the aircraft during landing and take-off.

A simple mechanical feel/centering spring is attached to the lower rudder input
quadrant.

The rudder trim actuator repositions the neutral point of the preloaded feel
spring after the rudder pedals have been displaced to a desired trim position.
Trim actuator operation is controlled by simultaneous operation of two rudder
trim control switches located on the copilot's side of the center console.

Emergency rudder control provides the pilot with +20 degrees of upper and
lower rudder authority. A YAW AUG MAN TRIM control knob is provided on the
flight augmentation panel to permit control of the rudders through the yaw
augmentation subsystem in the event of a Jam in the single rudder cable system.
A guarded switch to the right of the control knob must be moved from the OFF
position to the ON position before the emergency mode becomes operational.

The rudder position and travel are pedal-limited by mechanical stops positioned
by an electromechanical linear actuator, as shown on Figure In-7. The rudder
position limiter assembly is installed at the lower rudder input quadrant. The
input actuator responds to dynamic pressure and Mach number signals from the air
data subsystem.

2.5 Lift and Drag Control System

Lift and drag control subsystems are listed below irrespective of their
classifications: 1
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o Trailing Edge Flaps/Leading Edge Slats
o Ground Spoilers
o Thrust Reversers

The C-5A employs leading edge slats and Fowler type trailing edge flaps to
change the relatively low-lift wing required for high-speed flight to a high-
lift wing necessary for short landings and take-offi. Actuation of the flap/
slat systems is accomplished by displacement of a jingle flap control handle
located on the center console. Asymmetry detection with test circuitry and
position indicators is provided for each system. The panels are positioned by
ball screw actuators which drive the flap carriage in each straight track.
The actuators are driven through a torque tube system by a dual hydraulic
power package. The ball screw actuators are driven through a torque tube
drive system by the flaps power package. Major elements of the flap system
are shown in Figure 11-8.

A ground spoiler system is provided to spoil wing lifz and to increase drag,
thereby reducing landing and rejected take-off distances. The ground spoilers
consist of four inboard panels and five outboard panels per wing (the outboard
panels are also used asymmetrically to augment roll control). All ground spoiler
panels are deployed sirmetrically upon conmand by either pilot from heavily
detented interconnected control handles located on the center console. The
detent is removed automatically by either a landing gear touchdown signal or
wheel spin-up. The ground spoiler system is shown schematically in Figure 11-9.

All ground spoiler panels are commnanded only to extend or retract. Each inboard
panel is actuated by a simple dual actuator arrangement, each containing a mechani-
cal locking device which is released hydraulically upon conmand to extend those
panels. Each outboard spoiler panel is actuated by a dual servo actuator which
permits both symmetric and asyrmetric control to any position within the limits.

Thrust reversers and their operation are discussed for convenience with Section
11. 2.6 Thrust Control Systems.

2.6 Thrust Control Systems

Thrust control subsystems discussed in this section include manual control
of engine thrust and reverse thrust. Automatic throttles provided for the
C-% are discussed for convenience in Section II. 2.7 Automatic Controls
Systems. Each pilot is provided with a set of four independent throttle
control levers. Both sets of four levers are interconnected. Thrust direc-
tions and levels are selected by movement of these throttle control levers
which operate a separate independent conventional mechanical system extending
from the flight station to each engine fuel control lever.

The thrust control system includes stops, adjustments and interlocks to mini-
mize the potential for undesired power applications. These included the fol-
lowing:
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"o Maximum forward and reverse thrust stops
"o Reverse thrust limiting adjustment
"o Throttle control lever friction adjustment
"o Landing-gear-not-extended warning (min. cruise)

The thrust control system provides for inflight thrust reversing of the inboard

engines and thrust reversing of all engines for short field landing and rejected

take-off. The C-5A thrust control system is shown schematically in Figure II-10
and its component routing and pilot control placements are shown in Figure II-11.

2.7 Automatic Controls Systems

The subsystems presented in this section include, for convenience, those which
either provide warning of impending vehicle stall, augment vehicle stability,
improve vehicle ride qualities, dedicated displays, provide automatic flight
control functions and provide structural dynamic load alleviation or limiting.
In the C-5A, the pilot is retained as the major system manager in the auto-
matic control loops. The pilot can, at any time and during operation of any
automatic control mode, take cormand and manually control the aircraft to com-
plete the mission. C-5A automatic control subsystems are shown in Figure 11-12.

The C-5A automatic controls are designed for a high mission reliability, fail-
safe operation, and to be (in some cases) fail-operational. These requirements
are met through the use of various redundancy and monitoring techniques. Fail-
safe operation provides system mode or function disengagement or total system dJ s-
engagement after a first system failure which degrades system performance below
established levels. Another form of fail-safe operation provided results from
the pilot's ability to override or overpower a system action at any time.
Pail-operational capability provides continued system operation with full
authority after a fir',t system failure which would have degraded system perform-
ance below established acceptable levels. This is accomplished through redundancy
circuit switching. The capabilities of the automatic controls are:

o Automatic stall-warning
o Automatic throttle functions
0 Automatic pilot basic functions
o Automatic pitch trim control
o Automati2 enroute navigation (VOR, TACAN, and inertial)
o Automatic terrain following (vertical flight path control)
o Automatic terminal navigation (ILS approach, radar approach, and

air drop)
o Automatic landing (flare, throttle retard, and rollout)
o Automatic go-around (vertical flight path control)
o Three axis stability augmentation
o Active lift distribution

o Dedicated pilot and copilot displays
18
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Operation of all automatic control systems is controlled from the flight sta-
tion by means of various control and test panels located on the center console,
throttle quadrant, pilot's and copilot's side consoles, pilot's overhead panel,
and navigator's panel.

Two independent attitude heading reference units (AHRU) are installed on the
C-5A. The AHRU supplies roll and pitch attitude and heading information to
the automatic flight ccntrols and other aircraft navigational subsystems. The
AP-RU may be used as a flux valve compass, directional gyro compass, or a magne-
tic slaved directional gyro stabilized compass. Roll and pitch information
is available regardless of the azimuth mode of operation. -

There are four angle-of-attack transducers (AOAT) on the aircraft, two on each
side of the fuselage above and Just aft of the nose landing gear. These trans-
ducers are actuated by a vane extending into the airstream which measures the
angle of the relati.ve wind flowing across the vane. This information is fed
to the stallimiter, go-around attitude, and automatic throttle systems for use
in their computations. The only other component in the AQAT system is the AOAT
anti-ie panel located on the pilot's overhead panel. This panel supplies
power -o the vane heaters and will indicate a heater fault.

The stallimiter is a stall warning system whicb provides the pilot and copilot
with a warning of an impending stall condition. Two identical channels identi-
fied as STA=f.ITER I (pilot's) and STALLfl"M 2 (copilot's) are provided.
One control column shaker per channel prov.ides the stall warning. Each stalli-
miter channel contains dual redundant comparator circuits for fail-safety.

The primary function of the go-around attitude system (GAAS) is to provide
optimum ritation and climb-ohlt pitch steering commands for manual or automatic
go-around control. Its secondary function is to furnish fuselage reference
li,,e angle-of-attack signals for display to the pilots and for use by the
multimode radar during terrain-following. The GAAS consists of one dual chan-
nel computer and two go-around mode engage/disengage switches. Full-time
operation of the system is required and no controls are provided except the
two go-around mode s',itches on the pilot's ant copilot's outer control wheel
grips. The syster oecomes operational when power is applied to the aircraft
buses.

The automatic throttle system (ATS) provides th ,ttle control for remote
throttle positioning, maintaining a desired IAS or Mach number, and maintaining
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a desired angle of attack. It also provides throttle retard durinj the auto-
matic flare maneuver and throttle advance durin6 a go-around maneuver. The
ATS consists of one dual-channel computer, two servo motor assemblies (one
for the inboard engines and one for the outboard engines), and various controls
and switches. The AFCS control panel is shared with the ATS to provide control
and test functions. Disengage switches are provided on each pilot's outer
throttle lever. Throttle friction musqt be set to minimum for ATS operation.

During ATS operation, each throttle can be manually adjusted by the pilots for
engine power trimming. Also, the pilots can manually override all four throttles
simultaneously with the ATS engaged if the need should arise. Maximum throttle
travel limiting is provided to prevent engine overboost. lvdnimum throttle travel
limiting is provided to prevent excessive power reduction. Idle disconnect is
provided to disengage the ATN if two or more throttles are moved to the idle
position.

Stability augmentation is provided for all three axes of the C-5A. The yaw

augmentation (Y/A) and lateral augmentation (L/A) systems provide more than
the basic rate damping that is normally provided by augmentation or damper
systems, while the pitch augmentation (P/A) system provides only rate damping.
The Y/A provides stabilization in the directional axis (yaw damping and dutch
roll damping) and turn coordination. In addition, the Y/A also provides manual
trim of the rudders in the event of a control cable jam or break. This capa-
bility is provided as a backup means of rudder control. The +/A provides roll
damping, dutch roll damping, and spiral divergence control. The P/A improves
the airplane short-period frequency without appreciably decaying the response
to a pilot command.

All the augmentation systems are fail-operational and fail-safe. A first
failure will illuminate FAULT lamps on the annunciator panel and the master
CAUTIO1 light. The second failure will illuminate an INOP indicator on the
annunciator panel and the master CAUTIOL light which informs the pilot that
the system is disengaged. Z

The system is composed of the two augmentation computers (LRU's), the flight
augmentation-control panel, various input sensors, and several components
located on the individual hydraulic power units. All three systems are
intended for full-time use in either manual or automatic flight. An inter-
lock function is provided to the autopilot which will cause autopilot disen-
gagement should the augmentation disengage, since certain inner-loop autopilot
functions are accomplished by the SAS.

The autopilot system (A/P) provides automatic control of the aircraft flight
path for basic flight, enroute navigation, low-altitude terrain following,
ILS approach and landing (including flare and rollout), go-around, and terminal
navigation using radar (includes radar approach and air drop). Functions pro-
vided by the A/P are:
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1. Basic Control FUnctions

a. Attitude hold (pitch and roll)
b. Heading hold
c. Normal maneuvering (pitch, roll, and heading)
d. Control wheel steering (pitch and roll)
e. Altitude hold
f. Altitude capture
g. IAS hold and adjust on pitch
h. Mach hold and adjust on pitch

2. Enroute Navigation Functions

a. Heading select
b. Radio navigatiooa (VOR and TACAN)
a. Inertial doppler navigation

Inertial heading
Destination steering
Course line
Vertical navigation (point or slope)

d. Terrain following on pitch

3. Terminal Navigation Functions

a. ILS approach and landing, including flare and roll-out
b. Radar approach and air drop
a. Go-around

The A/P consists of a Pitch/PACS computer, RollAaw/PACS computer, elevator
servo, aileron servo, two control wheel hub assemblies, AFCS control panel,
and two A/P disconnect switches located on the outer grip of both control
wheels. The pilots can manually overpower or countermand the control action
of any A/P axis or control function. This is a fail-safe feature.

Two Flight Director Systems (FDS) are installed on the C-5 airplane, system
No. I for the pilot and system No. 2 for the copilot. Each system is comprised
of the following LRU's:

o Flight Director Computer (FDC)
o Attitude Director Indicator (ADI)
o Horizontal Situation Indicator (HSI)
o Remote Horizontal Situation Indicator Control Panel (RHSI)
o Peripheral Command Indicator (PCI)
o Navigation Selector Panel (NSP)
o Auxiliary Navigation Select Panel (ANSP)
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The FDS provides the integrated display data required for manual instrument
flying and for visual monitoring during automatic landing approaches and other
autopilot modes. Fifteen different modes of operation are available for use
by the FIDS, including the FD Self Test mode. These modes are defined as fol-
lows:

"o Manual Heading (HDG)
"o Inertial Heading/Destination Steering (IH/DS)
"o Visual Ow. i hrge (vuvr): Cru.ie (CRS) and Appr=a-h (A-P) Cronfigu-

rations
"o Tactical Air Navigation System (TACAN): Cruise (CRS) and Approach

(APP) Configurations
"o Station Passage (SP) (Associated with the VOR and TACAN modes)
"o Instrument Landing System (ILS): (Available from two independent

sources, ILS-1 or ILS-2)
"o Course Line (CL), also known as Track Steer (Available from two

independent sources - Primary Guidance Computer or Auxiliary
Guidance Computer)

"o Terminal Navigation (TN) also known as Air Drop (Available from
two independent sources - Primary Guidance Computer or Auxiliary
Guidanct Computer)

"o Vertical Navigation (VN) (Available from the Primary Computer only)
"o Airborne Radar Approach (ARA)
"o Terrain Following
"o Go-Around (GA)
"o Altitude Hold (AH) (Available from CADC No. 2 only)
"o Navigation Aids Off (Nav. Aids Off)
"o Flight Director Self Test (FD ST)

The pilot or copilot can independently select the mode he desires by operating
the respective mode select switch(es) on his NSP and when applicable the ANSP.

The incoming signals from the respective interfacing systems are processed by
the Flight Director Computer (FDC) to provide computed pitch and roll command
outputs to the ADI and PCI. The FDC incorporates the necessary switching logic
facilities for routing the basic deviation signals from the respective input
source to the vertical and horizontal presentations on the ADI (ILS symbol and
vertical deviation pointer) and the course deviation bar on the HSI.

The AWDCS is configured as a means of reducing fatigue damage on the C-5A ýing
due to maneuver, gust, and peak-to-peak ground-air-ground load sources. The 7
ALDCS computer supplies commands to the pitch and lateral augmentation computers
to provide the symmetric aileron and inboard elevator inputs as a function i
of aircraft response parameters. The ALDCS consists of a dual-channel computer
and four wing-mounted normal accelerometers. The system interfaces the air
data computers, pitch autopilot, flight augnentation control panel, '%WDAR,
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flight annunciator panel, touchdown switches, and most importantly the pitch
and lateral augmentation computers. The system is designed normally to be
'engaged and operating throughout the C-5A mission. A fail-safe design is
employed. System faults are detected, identified to M4AWA, and the system
is automaticall disengaged with appropriate indication on the pilot's annun-
ciation panel.
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SECTION III

VALIDATION OF REQUIPRMTS

Introduction

This section presents the validation of military specification MIL-F-9490DD
(USAF) by checking the specification requirements utilizing the experience
and knowledge derived during the procurement and development of the
C-5A Heavy Logistics Transport. Each specification paragraph applicable
to the C-5A is presented in sequence, either singly or in logical groups,

and validated with regard to practicability, accuracy, and completeness
as a requirement for procurement, design, test, and installation of flight
control systems for future pilot military aircraft. Specification para-
graphs not applicable to the C-5A are therefore not validated,but are listed
in this section in their proper numerical position together with the para-
graph title and the notation NOT APPLICABLE. For ease of reference the
paragraph numbers of the specification are used herein.

Validation Format and Methodology

The validation format is comprised of five specific parts. A description

of the possible contents of each part follows:

1. Requirement

In this part, the paragraph is written exactly as it appears in the
specification.

2. Comparison

In this part, the compliance of the system, subsystem, or component
with the requirement is described. Test, analytical, and uescriptive
data are presented where appropriate.

3. Discussion

In this part, an opinion of the requirement is given, whether or not
there is compliance by the C-5A. If the system, subsystem, or compo-
nent does not comply, the effect that compliance would have had is
discussed. If there are valid reasons why compliance is not necessary

or would be undesirable, the reasons are given. Where appropriate, an
assessment is made as to whether the requirement is good, too lenient,
or too strict.
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The requirement is also evaluated to determine whether compliance can
be practically demonstrated. If not, a determination is made as to
whether it can be modified to make it so. Further, the requirement is
evaluated to determine whether the stringency can be justified for
future aircraft procurement.J

If the requirement is judged valid, but C-5A data do not meet the
requirement, the reasons for the discrepancy are provided. If a
recommendation tc change the requirement is being made, pertinent
considerations to support the recommendations are given.

1*Recommendation

If a change is considered necessary to improve the practicability,
accuracy, and completeness of the specification, a recommendation is
given. The recommendation, if any, is given in this part. If a
complete rewrite of the specification paragraph is suggested, it is
written in this part in specification language. If only a partial
rewrite is recomm~endedx, the changes to the existing paragraph only
are indicated.

5. Additional Data

If a change is considered necessary to improve or update the "Users'
Guidit," the text to be inserted into the "Users' Guide" is given in
this part.

28
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Requirement

1.' Scope. Thts specification establishes general performance, design,

development and quality assurance requirements for the flight control sys-
tems of USAF manned piloted aircraft. Flight control systems (FCS) include
all components used to transmit flight control commands from the pilot or
other sources to appropriate force and moment producers. Flight control
commands may result in control of aircraft flight path, attitude, airspeed,
aerodynamic configuration, ride, and structural modes. Among components
included are the pilot's controls, dedicated displays and logic switching,
transducers, system dynamic and air data sensors, signal computation, test
devices, transmission devices, actuators, and signal transmission lines
dedicated to flight control. Excluded are aerodynamic surfaces, engines,
helicopter rotors, fire control devices, crew displays and electronics not
dedicated to flight control. The interfaces of flight control systems with
related subsystems are defined.

Comparison

The C-5A FCS was designed to meet the system requirements, set forth in
CP40002-6B, Performance/Design and Product Confirmation Requirements for
C-5A Air Vehicle, Flight Control Subsystem, which were necessary to accom-
plish the missions defined for the C-5A. The basis for this epecification
was MIL-F-9490C and would be equivalent to the controls specification
required by MIL-F-9490D, Paragraph 4.4.2.

Discussion

This paragraph is adequate.

Re commendation

Retain the requirement as stated.

It is further recommended that requirements relative to air data sensors
which are not now included be developed for inclusion in a later revision to
the specification.
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Requirement

1 .2 Classification

1.2.1 Flight Control System (FCS) Classifications

1.2.1.1 Manual Flight Control Systems (MPS). Manual FlPght Control Systems
consist of electrical, mechanital and hydraulic components which transmit pilot
control comsands or generate and convey comsands which augment pilot control
commands and thereby accomplish flight control functions. This classification
includes the longitudinal, lateral-directional, lift, drag and variable geo-
metry control systems. In ..ddition, their associated augmentation, perform-
ance limiting and control devices are included.

1.2.1.2 Automatic Plight Control Systems (APCS). Automatic Flight Control
Systems consist of electrical, mechanical and hydraulic components which
generate and transmit automatic control commands which provide pilot assist-
ance through automatic or semiautomatic flight path control or which auto-
matically control airframe response to disturbances. This classification
includes automatic pilots, stick or wheel steering, autothrottles, structural
mode control and similar control mechanizations.

Comparison

The C-5A classifies the Flight Control Systems as Primary Flight Controls,
Secondary Plight Controls, Automatic Flight Controls and Limiting Controls.
This is a different classification than is contained in NIL-F-9490D. Tho
C-5A classifications would not meet the new classifications, but whethz'e
the C-5A meets or does not meet this definition is not relevant.

Discussion

The attempt to do away with the old primary and secondary flight control
classifications -&s good. However, including augmentation, performance
limiting and control devices under a general classification of manual flight
controls is confusing. These systems have traditionally been considered to
be automatic controls and the detail design can differ considerably from the
other manual controls. It is felt that these automatic controls should be
contained under another classification. In addition, the cl-ýssification of
systems within the IMCS should be by function and~or operation.

The APCS classification states that "semiautomatic flight path control" devices
are included. The background information and "Users' Guide" for mIL--9490D
states that "Semiautomatic control includes flight director functions when
the option of automatic or semiautomatic operation is provided." It is not
evident from the "Users' Guide" when the flight director is to be included
as part of this specification. Requirement 1.1 (Scope) states thet this
specification includes dedicated displays, and Requirement 3.1.5.1.2 attempts
to give some flight director system requirements. •t is recommended that
this specification should include the flight directbr system (including
flight instruments) requirements. Paragraph 3.10.5..2 should be revised and
expanded to include these system requirements.
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The AYCS classification contained in 1.MIL-F-9490D includes structural mode
mechanizations. These systems should be carried under a difftrent classi-

fication since their function is very different from autopilot and auto-
throttle systems in that they have no direct effect on airspeed, altitude,

heading, attitude or flight path.

Recommendation

Revise the requirement as follows:-

"1.2.1 Flight Control System (FCS) Classifications. FCS are classi-

fied as to their function, the role of the pilot in the initiation of

their primary control activity, the maintenance of or diversion from

established flight conditions, their ability to improve ride qualities

or stability, their role in reducing the magnitude of structural loads

and improving structural fatigue life, and their ability to prevent

surface flutter. FCS classifications are independent of the methods

used for their mechanization. Flight Control systems may consist of

more than one subsystem which are not classified herein. FCS have

traditionally employed a combination of hardware components consisting

of mechanical, hydraulic, pneumatic, electrical and electronic compo-

nents suitably arranged and programmed to transmit surface ccnands

and to provide feedback of surface and aircraft response as required.

Actual hardware component selections are to be limited only by what

is available and by what can be developed and shown to be suitable.

FCS can be designed to be completelY independent from each other or

can utilize another FC8 component in performing their particular

function.

"1 .2.1 .1 Manual Flight Control Systems (MKCS). NFCS are those using

pilot commsnds as the primary action to irntiate control system acti-

vity to provide changes in control forces and moments necessary to

produce changes in airspeed, altitude, heading, attitude and flight
path. MFCS functions include pitch, roll, yaw, sire force, lift,
drag, tr.m and thrust.

"1.2.1.2 Aerodynamic Enhancement [lightControl Systems (AEFCS).

AEFCS are those systems which imý .e ride qualities, improve stability

of the aircraft or amgment the pilot's ability to control.

"1.2.1.3 Automatic Flight Control System (AF`CS). AFICS are those sys-

tems providing automatic maintenaice of or diversion from established

flight path condition and/or providing dedicated displays for pilot

primary control of the flight path or for monitoring automatic control.

AFCS provides automatic activity primarily independent of pilot commands

except as required for control wheel steering or to activate, deactivate,

preselect or reselect modes of operation. AFCS provide automatic con-

trol of such preselected flight conditions as airspeed, altitude,

attitude and heading. AFCj mpy also provide automatic flight path

control such as terrain following and precision course direction

(auto land and auto nav). The AFCS includes autopilots, autothrottles,



flight directors (including flight inatz-uments), and similar control j
subsystems.

"1.2.1.41 Imiting Fligyht Control Systems (LFCS). LFY3 are those
IC which provide structural load alleviation or flutter suppression.
These controls may act automatically to reduce the combined loads
effects of maneuvering when encountering external disturbances (gusts
and turbulence). Also they may provide fixed or varying degrees of
aerodynamic damping necessary to assure overall flutter.-free opera-
tion."
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Aeu~irement

.•. Co Operational State Classifications

S.2.g.1 Operational State I (Nurmal Operation). Operational State I is
the normal state ol flight control system p~,rformance, safety and reliability
This state satisfies DIL-F-87d5 or IJL-F-8ý)300 Level 1 flying quaJities
requirements within the operational flight envelope and Leve.i 2 within the
service envelope and the stated requirements outside of these envelopes.

1.2.2.2 Operational State II (Restricted Operation). Operational State II
is tne state of less than normal equipment operation or performance which
involves degradation or failure of only a noncritical portion of the overall
flight control system. A moderate increase in crew workload and degradation
in mission effectiveness may result from a limited selection or normally
operating FCS modes available for use; however, the intended mission may oe
accomplished. This state satisfies at least VIL-.F-8785 or bJL-F-8.350C Level
2 :lying qualities requirements within the operational flight envelope and
Level 5 within the service envelope.

1.2.2.5 Operational State IIN (Minimum Safe Operation). Operational State
1ii is the state of degraded flight control system performance, safety or
reliability which permits safe termination of precision tracking or maneu-
vering tasks and safe cruise, descent, and landing at the destination of
original intent or alternate but where pilot workload is excessive or mission
effectiveness if inadequate. Phases of the intended mission involving pre-
cision tracking or maneuvering cannot be completed satisfactorily. This
state satisfies at least DJL.-F-8785 or MIL-F-83300 Level 3 flying qualities
requirements.

1.2.2.4 Operational State IV (Controllable to an Immediate Emergency Landing).
Operational State 1V is the state of degraded FCS operation at which continued
safe flight is not possible; however, sufficient control remains to allow
engine restart attempt(s), a controlled descent and immediate emergency
landing.

1 .2.2.5 Operational State V (Controllable to an Evacuable Flight Condition).
Operational State V is the state of d, •.aded FCS operation at which the P05
capability is limited to maneuvers required to reach a flight condition at
which crew evacuation may be safely accomplisned.

Coparison

This requirement defines the classifications of the Operational States for
the F`C and therefore a direct comparison with the C-5A cannot be made.

Discussion

The definitions for Operational States 1 through V are applicable to present
and future transport aircraft, but a change is recomended to the term
"service envelope." Since Paragraph 6.6 refers to MIL-F-8785 for the
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definition for "operational flight envelope," it is assumed that the intent
was to use MIL-F-8785 for the definition of "service envelope." however,
!lL-F-8785 defines "service :7light envelope." This requirement should be
revised to reference "service flight envelope" and the Paragraph 6.6 should
have this term added with a reference to mdl-F-8785 for the definition.

Rec ommendation

Revise the requiremert as follows:

Change "service envelope" to "service flight envelope" in last
sentence of Peragraphb 1.2.2.1 and 1.2.2.2.

• 7
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Requi rement

1.2.3 FCS Criticality Classification

1.2.3.1 Essential. A functica is essential if loss of the function results
in an unsafe condition or inab: Jity to maintain FCS Operational State III.

1.2.3.2 Flight Phase Essential. A function is flight phase essenttal if
loss of the funiction results in an tuisafe condition or inability to maintain
FCS Operational State III only during specific flight phases.

1 .2.3.3 Noncritical. A function is noncritical if loss of the function
does not affect flight safety oi result in control capability below that
required for PACS Operational State III.

Comparison

rhe C-5A has multiple control surfaces control-ed through independent, but
interconnected flight control subsystems in the pitch, roll and yaw axes.
The loss of any independent subsystem by any means does not degrade the
FCS below Operational State III. Table 2 shows the degradation and worst
Operational States resulting frow loss of each independent subsystem regard-

less of the type or number of failutres required to lose the subsystem.

In order to fully evaluate this requirem.nt the term "function;' tr4st be
defined. It cannot be defined for example as "control of an avis" since
there would then be no valid PCS criticality classification other than
essential. Obviously this is not the intent. Neither can "function" be
satisfactorily applied when defined as "an independent subsystem" since a
portion of an PCS does frequently play a role in raore than one particular
control duty. For example, an elevator FCS may include pitch maneuver con-
trol, stability augmentation, trim, autopilot, load alleviation, etc. What
emerges as a wor'able definition is one which can be applied to requirements
generally and which is in agreement with FAA interpretations for commercial
aircraft. Therefore, "function" will be defined as follows and used as such
in the remaining validations. It is also recommended for incorporation into
Section 6.6.

Definition - Function: A control function is a particular service
or special duty which is performed by any portion of the FCS. Any
portion of the FCS may perform more tian one function.

Examples of C-5A flight control functions fitting this definition
and appropriate creticality classifications are contained in Table
3. This definition is independent of the system or component M-dun..
dancy or the numbers and types of failures which cause Ices of any
particular function. Discussions of the C-5A roll, yaw, and pitch
axis functions are prcsented here to provide a basir for validatinr
the requirements of 1.2.3 PCS criticality classification %nd its
subparagraphs.
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TABLE 2

C-5A FLIGh-T CONT'ROL (FC) SJI1YWSTE-N$3 AND OP ATIOALq STATM
-P UIih1ERTS OF 1.2.2

o = Flying wualities per Operational State I
Oper State

PC Juh'sstem Degradation (•f ter Loss*

litch •xis Subsyste:s :

inboard zJlevators Aeduced Pitch Cont. Authority I1
"Outboard Elevators Reduced Pitch Cont. Autliority II
I anual Tri'- Increased Pilot W4rk I1i
Jtab. Aug. .oderate Increase Pilot Work TI

..LDCS Increased Structural Fatigue and workload II
Variable Feel Increased Pilot Attention 1l1
Stallimiter Increased Pilot Attention Il o
Auto Pilot Increased Pilot Work II

Roll P-xis Subsystems:

,ilerons Ruduced ioll Cont. Authority II
Flight Spoilers Reduced Roll Cont. Authority II
:..anual Trim olight Increased Pilot dork II
.tao. KUG. .oderate Increased Pilot Work ii
.dlXC Increased Structural Fatigue II 0
Iech. Feel Increased Pilot Attention II
iAuto Pilot Increased Pilot ;ork i

taw txis Subsyst,-ms:

Upper Rudder Reduced Yaw Cont. Authority Ii
Lower Rudaer Reduced Yaw Cont. Authority II
Lanual Trin None - Use Yaw Aug. 1,an. Trim il o
Yaw Aug. :.an. Trim None - Use .hanual Trim
Stab. Aug. L•oderate Increase Pilot Work ii
Rudder Limiter Increased filot Attention LI
Ilecbi. Feel Increased Pilot Attention Ii
Auto Pilot Increased Pilot Work II

Lift/Drag Subsystems:

Ground Spoilers Increased Landing Distance III
L.E. Slats (Up) Increased Landing Distance III

(Dn) Increased Drag; Reduced Speed III
T.E. Flaps (Up) Increased Landing Distance III

(Dn) Increased Drag; Reduced Speed III
Throttles Thrust Control
Auto-throttles Thrust Control
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TABL= 3
C-5A FLIGHT CONTROL (FC) }FUTIONS AND CRITICALmTY

Flight Function
Control Function Surfaces/Devices and Subsystems Criticality*

/
MRCS:

Maneuver All Elev., Var. Feel, and Elevator 1.2.3.1
Manual Controls

Ailerons, Spoilers, and Aileron Manual 1.2.3.1
Controls

Both Rudders and Rudder Manual Controls 1.2.3.2

Trim Horizontal Stab. (Normal and Emer.) 1.2.3.3
Ailerons and Trim Controls 1.2.3.3
Both Rudders and Trim Controls (Norm.) 1.2.3.3
Both Rudders, Yaw Aug. Man. Trim (Emer.) 1.2.3.3

Lift/Drag T.E. Flaps, L.E. Slats, Ground Spoilers 1.2.3.2

Thrust Throttles Control System 1.2.3.1

AEFCS:

Stability Aug. Inboard Elevators and SAS 1.2.3.3
Ailerons and SAS 1.2.3.3
Both Rudders and SAS 1.2.3.3

Stall Warning Stick Shaker and Audible Warning 1.2.3.3

Stall Limiting (None)

A.FCS:

Auto Control All Elevators, Horiz. Stab. and A/P (Auto 1.2.3.3
Pilot) Systems

Ailerons, Spoilers and A/P System 1.2.3.3
Both Rudders and A/P System 1.2.3.3

Automatic Thrust Auto-Throttle System 1.2.3.3

Dedicated Dis- Flight Director and Flight Instruments 1.2.3.3
plays Angle of Attack System and Instruments 1.2.3.3

LVCS:

Load Control Inboard Elevators, SAS and ALDCS 1.2.3.3
Ailerons, SAS and ALDCS 1.2.3.3

Limiting Both Rudders and Rudder Limiter 1.2.3.3

* 1.2.3.1 - Esaential
1.2.3.2 a Flight Phase Essential(as revised)

1.2.3.3 - Noncritical

.37 1
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Roll Control for Ivianual Naneuvering Function: The C-5A manual maneu-
vering roll control function is provided by ailerons and spoilers
which are normally controlled from pilots commnands on the control wheels
through the mechanical input system to provide simultaneous coammands
to all involved surface hydraulic servo actuators. Loss of the completek
provisiona for manual maneuvering roll control requires the simultaneous
existence of at least two improbable mechanical failures or the simul-
taneous loss if all hydraulic fl.uid from four systems or the loss of
all hydraulic power and failure of the Ram Air Turbine to function.
In the first instance, (the highly improbable combination of improbable
mechanical failures) all other roll axis functions would remain available
at the option of the pilot and the aircraft would be in Operational
State IV defined in Paragraph 1.2.2.~4. In the event of loss of only
the manual roll control function, limited roll control can be provided
using the rudders and asymmnetric thrust. ln the instance of complete
loss of hydraulic fluid and/or power the loss of all control including
manual roll control would occur, It should be noted that the C-5.6
manual roll control for maneuvering in particular, as well as the FCS
in general have the highest degrees of redundancy in their manual input
load paths, hydraulic systems and power supplies and control surfaces
of any existing large operational transport aircraft. The manual roll
maneuvering control can accurately be called "Essential" as defined in
Subparagraph 1.2.3.1.

zAoll Manual Trim Control Function: Loss of this manual trim function
requires at least two electrical failures whose combined occurrence
can easily be described as improbable. However, its loss is noncri-
tical as defined in Subparagraph 1.2.3.3 since the only consequence
would be a moderate increase in long duration pilot work load (Rim
forces < 5 lbs.) when the autopilot was niot operating during any
f light phase.

Aileron ALDCS, SAS and A/P Functions: The ALDCS functions include
elastic mode suppression and maneuver load control. The roll stability
augmentation system autoir-%tically smooths turn entry and exit, coor-
dinates the turns, improves dutch roll damping and performs spiral
mode stabilization. These remaining aileron functions have no
affect on C-5A operational limitations and the loss of any one of
these functions is noncritical as defined in Paragraph 1 .2.3.3,.

Complete Yaw Axis: In the event of complete loss of the yaw axis
manual maneuver control function both the manual trim control and
emergency rudder control functions provide yaw control. In the case
of loss of all rudder functions, limited yaw control can be provided
by the roll axis and asymmetric thrust. The aircraft will be in
FIGS Operational State III and that state meets the requirements defined
in 1.2.3.2 as recoummended to revision to improve applicability. This

yaw SAS is considered noncritical and performs yaj damping and turn

coordination._a
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Complete Pitch Axis: The complete loss of the pitch axis manual
maneuver control occurs after loss of control over two essentially
independent elevator control systems, i *e., the inboard elevator
controls and the outboard elevator controls. After such simultaneous
loss, pitch control would be provided by the pitch trim fua~ction and
the C-5A would be in FCS Operational State III or better. Under that
condition, this manual elevator control function meets the requirement
of Paragraph 1.2.3.2, as revised. This pitch SAS is considered non-
critical and performs pitch damping.

The ALflCS system performs maneuver and gust load control, elastic
mode suppression and fatigue relief and is considered to be noncriti-
cal. The ALDCS uses portions of the aileron and elevator manual
systems and portions of the lateral and pitch SAS.

Discussion

When supplemented by the proposed definition of "Function" the requirements
of 1 .2.3 are acceptable and are applicable to future transport aircraft with
tile exception of Paragraph 1.2..5.2 Flight Phase Essential which is confusing.
The last phrase of that requirement "inability to maintain FCS Operational
State III only during specific flight phases" is believed to be in error.
It has been applied in our comparisons as if it read "inability to maintain
Operational State .11 during specific flight phases only." This conclusion
was reached because the "inability to maintain FCS Operational State III'
(Paragraph 1.2.2.2), which permits no consideration of flight phases auto-
matically leads you to the next degradation of operation state which is III.
Further, FCS Operational State III permits the inability to satisfactorily
complete particular flight phases. Further, if not able to maintain Operational
State III then the aircraft is automatically in Operational State IV which per-
mits only controlled descent to emergency landing.

Recoemndation

Retain requirements 1.2.3.1 and 1.2.3.3. Revise reqvirement 1.2.3.2 as fol-
lows:

"1.2.3.2 Flight Phase Essential. A function is flight phase essential
if its function is necessary to prevent an unsafe condition or results
in inability to maintain FCS Operational State III during specific flight
phases. Its loss must permit subsequent safe return to flight phases
(conditions) necessary for continued safe flight and normal landing with
at least Operational State III capability."
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Requirement

2. APPLICABIZ DOCUMENTS

2.1 The following documents, of the issue in effect on the date of invita-
tion for bids or request for proposal, form a part of this specification to
the extent specified herein. The requirements of this specification shall
govern for flight control system design where conflicts exist between this
specification and other reference specifications.

For a listing of these documents, refer to MIL-P-9490D.

2.2 Other Publications. The following documents form a part of this speci-
fication to the extent specified herein. Unless otherwise indicated, the
issue in effect on date of invitation for bids or request for proposal shall './
apply.

For a listing of these documents, refer to MIL-F-9490D.

Comparison

As noted in the various detail validation discussions, the C-5A FCS design
used many of these specifications or specification guidelines based on these
specifications.

Discussion

Some new specifications included in MMIL-F-9490D became applicable after the
C-5A contract definition. In some cases the new specification may have
superseded an older specification that had been imposed on the C-5A.

In accordance with recommended specification changes, some specification
additions and deletions are recommended. The requirements as listed are
valid and have been satisfied by the C-5A FCS design to the extent noted in
the detail validation discussions. The requirements can be demonstrateA and
should be specified for all future transport type aircraft to the extent noted
in the detail validation discussions.

Recommendation

'ivise the applicable documents list as noted below.

Specifications - Military

Add:

MIL-S-3950 - Switch, Toggle, Environmentally Sealed, General Specification
For

MIL-3-6743 - Switches, Pushbutton and Limit
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MIL-A-8064 - Actuators and Actuating Systems, Aircraft Electro-Mechanical,
General Requirements For

Delete:

M1L-M-7969 - Motor, AC, 400 Cycle, 115/200 Volt System, Aircraft, General
Specification For

MIL,-M-8609 - Motor, DC, 200 Volt System, Aircraft, General Specification
For

MIL-G-25561 - Grip Assembly, Controller, Aircraft, Type C-2

Standards

Add:

MIL-STD-1130 - Connections, Electrical, Solderless Wrapped

Delete:

MIL-STD-454 - Standard General Requirements for Electronic Equipment

Other Publications

FAA Advisory Circular

Add:

FAA Advisory Circular AC-20-57A
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3. REQUIREMMrS

3.1 System Requirements. The FCU shall comply with the following require-
ments.

3.1.1 MFCS Performance Requirements. The MFC. shall comply with applicable
general flying quality requirements of MIL-F-8785 or MIL-F-83300 and the
special performance requirements of the procurement detail specification.

Comparison

The C-5A was designed to meet MIL-F-8785(ASG) Amendment 4, 17 April 1959,
FAR 25 and some special requirements added by the procuring activity.

Ivne C-5A was compared to detailed specification requirements in document
AFFDL-TR-75-3 titled Evaluation of the Flying (jualities of MIL-F-8785B(ASG)
usin;.- the C-5A Airplane.

Discussion

The comments on MIL-F-8785 were discussed in AFFDL.-TR-75-3 (MIL-F-83300
not applicable to C-5A). Conclusions and recommendations contained in that
report are summarized below.

Conclusions

1. The specification represents a substantial improvement over specifications
with respect to requirement definition, format and overall clarity.

2. Generally, the C-5A date compare favorably with the specification except
in certain sections where the requirements appear to have been based
primarily on medium and light weight airllane data.

3-. Based on the C-5A data, the following sections of the specification are
far too stringent for Class III airplanes.

33.1.2 - Roll mode (TR)

3.3.2.4 - Sideslip excursions

3.3.4 -" Roll control effectiveness

Recommendations

1. Additional data from Class III heavy aircraft be gathered to substantiate
or revise the requirements in the following sections.

3.2.1.2 Phugoid stability

3.2.2.1 Short period response

3.2.2.2.1 Control forces in maneuvering flight
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iateral directional oscillations (butch roll)

3.3.1.2 Roll mode (I.)

3.3.2.4 'ideslip excursions

3.3.4 holl control effectiveness

3.4.2.2.1 llesistance to loss of control
: ?c : 2 8nl t i o~ n

t io

.Va1''apL 3.1.1 of L-on the aszsmption t,•at conclusions an,-:•0cO � 'e,�atiinrm ,r c~ernres t', )IZ-Y-07B will be accomplished.

I
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Requirement

3.1.2 AFVS Performance Ret 'rements. When the following AFCS functions are

used, the following specified performance shall be provided. Unless other-
wise specified, these requirements apply in smooth air and include sensor
error. Except where otherwise specified, a damping ratio (6.6) of at least
0.3 critical shall be provided for nonstructural AFni controlled mode res-
ponses. Specified damping requirements apply only to the response charac-
teristics for perturbations an order of magnitude greater than the allowable
residual oscillation.

Comparison

The C-5A AFCS performance requirements for basic response are given for an
upset in pitch or heading of ±5 degrees the aircraft shall return to the
reference attitude with the first overshoe; not exceeding 20 percent of
the initial deviation. The C-5A meets these performance requirements for
an upset. It is felt that the C-5& AFCS meets the intent of the .IL-F-949OD
requirement.

Discussion

This requirement is valid for prasent and future aircraft, but confusion
could exist with the requirements of Paragraph 3.1.3.6.1 of MIL-F-9490D.
laragraph 3.1.3.6.1 covers the stability margins for all aerodynamically
closed loop FCS. A change should be made here to reduce this confusion.

Recommendation

Revise the requirement as follows:

"3.1.2 AFCO Performance Requirements. When the following
AFCZ functions are used, the following specified performance
shall be provided. Unleps other-ise specified, these require-
ments apply in smooth a. and include sensor error. Except
where otherwise specified, a damping ratio (6.6) of at least
0.3 critical shall be provided for nonstructural inner closed
loop AFCS control modes. Specified damping requirements apply
only to the response characteristics for perturbation an order
of magnitude greater than the allowatle residual oscillation."
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Requirement

3.1.2.1 Attitude Hold (Pitch and Roll). Attitudes shall be maintained in
smooth air with a static accuracy of +0.5 degree in pitch attitude (with
wings level) and +1.0 'degree in roll attitude with respect to the reference.
RMS attitude deviations shall not exceed 5 degrees in pitch or 10 degrees in
roll attitude in turbulence at the intensities specified in 3.1.3.7. When
using a flijht controller (turn knob) the aircraft shall return to a wings
level attitude when the turn control is placed in the detent position. Accu-
racy requirements shall be achieved and maintained within 3 seconds of mode
engagement for a 5 degree attitude disturbance for MIL-F-8785 Class IV air-
craft, and within 5 seconds for MIL-F-8785 Classes I, II and III aircraft.

Coparison

The C-5A AFCS Attitude Hold Mode required an accuracy of +1 degree over the
entire flight regime up to the maneuvering limits. The aircraft was tested
and met the C-5A requirement. It is felt that the C-5A would meet the MEL,-
F-9490D rcquirement for attitude hold.

.Discussion

The requirement as stated is valid for present and future aJ-craft. It is
felt that leaving the performance during maneuvering flight for the aircraft
specification was a good decision since this tolerance is dependent upon the
type of aircraft, mission requirements and whether CWS is being used.

Re commendation

Retain the requirement as stated.
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Requirement

3.1.2.2 heading Hold. In smooth air, heading shall be maintained within
a static accuracy of 10-5 degree with respect to the reference. In turbu-
lence, RMS deviations shall not exceed 5 degrees in heading at the intensi-
ties specified in 3.1.3.7. When using a flight controller, heading hold
shall automatically engage as the controller is returned to the detent
position.

Comparison

Heading hold mode specifications for the C-5A AFCS are very similar to the
above. Areas of difference include the static accuracy and turbulence
requirements. The C-5A requirement for static accuracy was within +1 .0
degree with respect to the reference. The C-5 AMS requirement for headir•g
hold did not differentiate between smooth and turbulent air. The capability
to control tolerances within the AFCS has improved since the mid 60's, making
the +0.5 degree accuracy requirement realizable. The C-5A heading hold mode
is the basic mode of the AFCS roll axis with or without the Roll Control wheel
Steering (CWS) mode operating. When the autopilot roll axis is engaged, the
heading hold mode is automatically engaged and the roll rate CWS mode is
automatically on (armed). The pilot can change the aircraft heading by using
the turn knob (controller) or by using rate CWS. When using the rate CWS when
the pilot force on the wheel exceeds the preset threshold level, the mode is
engaged and the aircraft will roll at a rate depending upon pilot force. 1f
the pilot releases his force below the threshold level and the aircraft is
above 7 degrees bank angle, the aircraft will be automatically held at that
bank angle. If the pilot releases his force below the threshold level when
the bank angle is less than 7 degrees, the aircraft will be automatically in
the heading hold mode. The heading existing at the time the force falls below
this threshold will be the new reference heading. When the turn knob is used,
the mode functions in a similar manner as CWS. The amount of rotation of the
knob will command a specific roll angle as long as the knob is left in that
position. When the turn knob is returned to detent, the aircraft will roll
to wings level and the heading existing at the time the aircraft is at 7
degrees bank angle, is the heading that will be held.

The C-5A heading hold mode was originally configured like the 1IL-F-9490D
requirement where the heading existing at the instant the controller returned
to the detent position was the heading which was held. During flight testing
of that C-5A mode, when the aircraft was in a 30 degree bank turn and the con-
troller was returned to detent, the aircraft would roll out at the turn and
then roll into a turn in the opposite direction to go to the heading existing
at the instant the detent. was reached. The pilots objected to this implemen-
tation and suggested that a change be made. The heading hold mode is normally
used to change aircraft direction and not for achieving a specific heading.
If the pilot wishes to go to a specific heading, he uses the heading select
mode.

Discussion

It may be arguable that a heading hold accuracy of 10.5 degrees does not
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appreciably enhance mission effectiveness or aircraft operational efficiency
over an accuracy of +1.0 degrees for the heading hold mode. iince, however,
the state-of-the-art now allows realization of the more stringent require-
ment without undue penalty in cost, the requirement is considered valid.

The 5 degree RMS heading deviation requirement for operation in light
turbulence is desirable. This prevents design of an easily saturable mode
while not restricting the functional design of the overall AFCS.

The problem with the heading hold mode experienced by the C-5A would likely
be encountered with other large aircraft. A change is recommended to allow
for engagement of the mode using another parameter along with the detent posi-
tion to indicate the reference heading.

The requirement states that heading hold shall automatically engage as the
controller is returned to the detent. The use of the word "as" makes this
confusing. The word "when" is proper in this case. A majority of the air-
craft use the detent position as the logic for going to the heading hold mode.

Reconmendation

Revise the requirement as follows.

Change last sentence to:

"When using a flight controller, heading hold shall automatically engage
when the controller is returned to the detent position."

Add the following sentence:

"In the event the aircraft turns in the opposite direction to hold the
referenced heading when the controller is returned to detent, another
parameter may be used in addition to the detent to engage the heading
hold mode as the aircraft approaches level flight."

Additional Data (For "Users' Guide")

The sentences indicated by the left vertical sideline should be added to the
background information and "Users' Guide."
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Reaua-ement

3.1.2.3 Heading 3elect. The aircraft shall automatically turn thrvugh the
smallest angle to any heading selected or preselected by the pilot and main-
tain that heading to the tolerances specified for heading hold. The contrac-
tor shall determine a bank angle limit which Qrovides a satisfactory turn
rate and precludes impending stall. The heading selector shall have 360
degrees control. The aircraft shall not overshoot the selected heading by
core than 1.5 de•;ras with flaps up ov 2.5 degrees with flaps down. The roll
rate shall not exceed 10 deg/sec and roll acceleration shall not exceed 5
deg/sec/sec for Ki.-F-8785 Classes I, II and III aircraft, or double these
valve., for IcLL-.'...i785 Class IV aircraft.

Comparison

The C-5A requirements for the heading select mode compare closely with
rJL-e-. )490D. However, instead of specific limits on roll rate and roll
acceleration, the C-5 requirements state that entry into, and te.minution
of, the tuin shail be smooth and rapid. Additinnally, the C-5 specifica-
tion limited heading overshoot to 1.5 degrees but did not distinguish
between flaps up or down operation. The limit of bank angle while turning
to the selected heading was specified as 30* for the C-5. The C-5A automatic
Lea~ir..g select mode is interlocked with the navigation control panel and is
ottained by select2_ng HCR NAV or. the AFCS panel and rilx on the navigation
control ;7ael.

Discussion

ýz.I specification compliance testing was accomplished during Category I1
evaluation of the C-5A AnS at AFFTC, Edwards AFB. The mode was evaluated
by corýanding heading changes of 5, 10 and 60 degrees, both left and right,
using the heading selector on the HSI. A heading change of 175 degrees
was also performed to verify that the A/P maneuvered the aircraft through
the smallest angular distance to the new heading. The A/P smoothly con-
trolled the aircraft during roll in and roll out with no appreciable
(less than 20) overshoot of the selected heading. On-hand flight test
response pl-ts do not have a record of roll rate or roll acceleration for
comparison with new limits. The maximum bank angle coamand was 27 degrees.
dhen a 1750 herding change was selected, the A/P hestiated momentarly
before coanding a slow roll into the turn. In all cases the aircraft
was maneuvered through the smallest angular distance to the new heading.

The imposition of limits on roll rate and roll acceleration when maneuvering
to'the new heading is seen as a relaxation of the qualitative "smooth and
rapid" reqairement of the C-5 AFCS. It establishes an upper limit for the
rates and accelerations but does not address a minimum acceptable.

Rec--'r~nction

Injert the following between the last two sentences: "Entrj irto and termina-
tion of the turn shall be smooth and rapid."
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Requirement

3.1.2.4 Lateral Acceleration and Sideslip Limits. Except for flight phases
using direct side force control, the following performance shall be provided
whenever any lateral-directional AFCS function is engaged. Lateral accelera-
tion refers to apparent (measured, sensed) body axis acceleration at the air-
craft center of gravity.

3.1.2.4.1 Coordinatiou in Steady Banked Turms. Sideslip angle shall not be
greater than 2 degrees and lateral acceleration shall not exceed 0.03g, while
at steady bank angles up to the maneuver bank angle limit reached during
normal maneuvers with the AFCS engaged. For rotary wing aircraft, only the
lateral acceleration limit applies.

Comparison

The C-5A AFCS provides automatic turn coordination whenever the yaw and
lateral augnentation systems or the autopilot roll and yaw axes are engged.
The performance requirements were identical to those specified above; i.e.,
2 degree sideslip angle limit and 0.03g lateral acceleration limit. The
maximum maneuver bank angle is 35 degrees when using the turn knob or con-
trol wheel steering and 27degrees for other roll autopilot modes. A bank
angle limit of 7.5 degrees is imposed after glideslope capture when operating
in localizer mode or when in the V0R or TACAN track modes. Validation tests
were accomplished at AFFW at altitudes of 35,000, 25,000 and 10,000 feet
(the 10,000 foot evaluation was accomplished for both approach and landing
flap configurations). After trimming the aircraft, strapght and level, at
appropriate cruise, approach, or landing airspeed, the autopilot was tangaged
with altitude-hold. Rapid turns to the right and left were performed using
the turn knob. The turns were continued thru 180 degrees heading change
with roll out accomplished as rapidly as possible. The turn knob was then
used to roll rapidly from 30 degrees right to 30 degrees left without hesi-
tating at wings-level. The maneuver was then repeated, rolling the opposite
direction.

During the 180 degree heading changes, altitude increases between 300 and
1,200 feet were experienced. Airspeed decreased between zero and 17 KIAS.
The aircraft response was smooth and well ccordinated throughout the maneuver.
The crew experienced no feeling of sideslip or lateral acceleration.

Discussion

While the C-5A AFCS experience valida..es this requirement, a look at the
application of such a requirement for future transpor .s must be taken. At
the present time Lockheed-Georgia is defining several improved C-130 configu-
rations. Wind tunnel data taken on one such model show asymmetric Cy and
Cn vs., as shown on Figure 1 (3.1.2..1 ). The implication of this data is

that to maintain the aircraft in trim a crab angle must be established to
balance the unsnmmetrical aerodynamic forces. It is also possible to envi-
sion the necessity to establish a trim bank angle reference other than 0".
Th.ese unsymmetric aerodynamic forces are common for turboprop aircraft.

49



1.0 C-130SS

C vs.•

Cy TAKEOFF CONFIG.

.5 . ALL ce's

-20I _1Ii

-10 o 20 30
0 (deg)

-0.5:-

-1.0 _

C-130SS 0.1

C vs•n
C

TAKEOFF CONFIG. n

TC 0 ALL ci's0.5

-20 -10 l0 20 30
S(d:eg) "

-0.05t-

C ./

C-130S S

C &C vsln y

FiMOR NO. 1 (3 .1.2.4.1). C-13-SS " vs. and C, vs.•

50

- _,__

.~ *J-
'/ " . ' , -- ? - •:. ". , ,



For these aircraft it is necessary to remove the absolute sideslip angle
restriction from steady banked turns. A restriction is proper, but it
should oe stated in terms of incremental sideslip from unaccelerated flight
reference sideslip value.

Recommendation

Change the first sentence to read:

"The incremental sideslip angle shall not exceed 2 degrees from the
trimmed value, and lateral acceleration shall not exceed 0.03g, while
at steady bank angles up to the maneuver bank angle limit reached
during normal maneuvers with the AFCS engaged."

Requirement

3.1.2.4.2 Lateral Acceleration Limits. Rolling. Body axis lateral accelera-
tion at the cg shall not exceed +0.1g for aircraft with roll rate capability
up to 30 deg/sec, ±0.2g for aircraft with roll rate capability of 30 to 90
deg/sec, or ±0.58 for aircraft with roll rates over 90 deg/sec. These limits
shall be satisfied for aircraft in essentially constant altitude flight while
rolling smoothly from one side to the other at bank rates up to the maximum
obtainable through AFCS modes.

Comparison

Tne C-5A AFCS was limited to +0.1g lateral acceleration when rolling under
the conditions specified above. Since the maximum roll rate capability of
the AKCS is less than 30 degrees per second, it is compatible with the above
paragraph. Verification testing was accomplished qualitatively.

Discussion

The requirement is considered valid, both for the C-5A and for future trans-
port aircraft. It created no unusual problems during design or test and
is acceptable as it stands.

Recommendation

Accept the paragraph "as is."
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Requirement

3.1.2.4.3 Coordination in Straight and Level Flight. The accuracy while
the aircraft is in straight and level flight shall be maintained within a
sideslip angle of +1 degree and a lateral acceleration of +O.02g at the eg,
whichever is lower. For rotary wing aircraft, only the lateral acceleration
limit applies.

Comparison

The C-5A AFCS provides automatic turn coordination as functions of the xIi
yaw and lateral augmentation systems. The performance requirements for
coordination in straight and level flight were not specified in the detail
C-5A flight controls specification. A review of the available data reveals
that the C-5A AFCS could meet this requirement.

Discussion

•The discussion of Paragraph 3.1.2.4.1 applies to the above paragraph as
well.

Recommendation

Change the first sentence to read:
J

"The accuracy while the aircraft is in straight and level flight shall
be maintained within an incremental sideslip angle of +1 degree from /
the trimned value and a lateral acceleration of +0.02g at the cg, which-
ever is lower."i.
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Requirement

3o1 .2.5 Altitude Hold. Engagement of the altitude hold function at rates of
climb or descent lcas than 2,000 fpm shall select the existing indicated baro-
metric altitude and control the aircraft to this altitude as a reference. The
resulting normal acceleration shall not exceed 0.2g incremental for MIL-F-8785
Classes I, II and III aircraft, or 0.5g incremental for MIL-P-8785 Class IV
aircraft. For engagement at rates above 2,000 feet per minute the AFCS shall
not cause any unsafe maneuvers. Within the aircraft thrust-drag capability and
at steady bank angles, the mode shall provide control accuracies specified in
Table I.

TABLE I. MINIMUM ACCEPTABLE CONTROL ACCURACY

BANK ANGLE (DEG.)
L0 -T 01 -30 30-60

55,000 +_O.I% at 55,000
to varying linearly

80,000 to ±0.2% at 80,000
±60 ft. ±_90 ft.

30,000 or or
to 1ý).i% ±0.3% _+0.4%

55,000 whichever whichever
is is
larger larger

0
to ±30 ft.

30,000

These accuracy requirements apply for airspeeds up to Mach 1.0. Double these
values are permitted above Mach 1.0 and triple these values apply above Mach
2.0. Following engagement or perturbation of this mode at 2,000 feet per
minute or less, the specified accuracy shall be achieved within 30 seconds.
Any periodic residual oscillation within these limits shall have a period of
at least 20 seconds.

Comrarison

The C-5A Altitude Hold Mode performance requirements were the same as given in
Table I for the a flight envelope up to 40,000 feet in altitude. Engagement
at rates of climb and descent up to 2,000 fpm were tested and found to be
acceptable. The C-5A did not have any maxDimum performance requirement on nor-
mal acceleration when engaging at 2,000 fpm. It is felt that the C-5A can
meet this requirement,

Discussion

This requirement is reasonable and applicable to present and future aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.1.2.6 Mach Hold. The Mach number existing at the engagement of Mach hold
shall be the reference. After engagement and stabilization on Mach hold, the
AFCM shall maintain indicated blach number and the error shall not exceed
+0.01 Mach or +2 percent of indicated FMach, whichever is larger, with respect
to the reference. Any periodic oscillation within these limits shall have a
period of at least 20 seconds. The contractor shall establish a mode response
or maximum time to capture requirement which is suitable for the mission phase.

Comparison

The C-5A AKS contains Mach hold and adjust mode on pitch as well as an auto-
matic t2•rottle Nach hold mode. The C-5A Mach hold mode requires the referenced
Nach number be held to +.015 between 0.60 and 0.785 Mach. The pilot has pro-
visions for varying the engaged reference between 0.60 and 0.785. It is felt
that the C-5i meets the intent of this requirement.

Discuision

This requirement is applicable to a Flach hold mode using either the autopilot
pitch axis or an automatic throttle system. The RFP and the FCS specification
should define which is to be used. Lockheed's experience on installing auto-
•ac throttle systems on the wB-47, C-141 and C-5A has shown that some adjust-

ment capability must be made available for the pilot. It is very difficult to
engage this mode at the Nach number required in adverse weather. ARINC Charac-
teristic I'o. 558 (Air Transport Automatic Throttle System) indicates a full
range of adjustment for their system. It is recommended that this MIL-F-9490D
requirement contain an adjustment requirement.

Recommendation

Revise the requirement as follows. Add the following sentence:

"Adjustment capability of at least +0.01 Mach shall be available to
allow the pilot to vary the reference Mach number around the engaged
Mach No."
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Requirement

3.1.2.7 Airspeed Hold. The airspeed existing at the engagement of airspeed
hold shall be the reference. Indicated airspeed shall be maintained within
1,5 knots or +2 percent, whichever is greater, of the reference airspeed. Any
periodic oscillation within this limit shall have a period of at least 20
seconds. The contractor shall establish a mode response or maximum time to
capture requirement which is suitable for the mission phase.

Comparison

The C-5A AFCS contains an airspeed hold and adjust mode on pitch as well as
an automatic throttle airspeed hold mode. The C-5A airspeed on pitch mode
required the airspeed be held to +4 knots calibrated air speed from the referenced
airspeed on the vertical scale flight instruments and with provisions of varying
the engaged airspeed. The C-5A Automatic Throttle System airspeed hold mode
had the same performance requirement. The C-5A meets the intent of this require-
ment.

Discussion

This requirement is applicable to an airspeed hold mode using either the auto-
pilot pitch axis or an automatic throttle system. The RFP and the FUS speci-
fication should define which is to be used. Lockheed's expe-ience on installing
automatic throttle systems on the 4_-47, C-141 and C-5A has shown that some
adjustment capability must be available for the pilot. It is very difficult
to engage the mode at the control airspeed required in adverse weather.
ARIMC Characteristic No. 558 (Air Transport Automatic Throttle System) indi-
cates a full range of adjustment for their system. It is recommended that thia
MIL-F-9490D requirement contain an adjustment requirement.

Recommendation

Revise the requirement as follows. Add the following sentence:

"Adjustment capability of at least +10 knots shall be available to
allow the pilot to vary tVe reference airspeed around the engaged
airspeed."
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Requirement

3.1.2.8 Automatic Navlgation

3.1.2.8.1 VOR"ACAN. When preconditions for radial capture are satisfied
the AFICS shall cause the aircraft to maneuver to acquire the radial beam
center. Maxim%= roll rate and attitude commands shall be limited to pro-
vide a smooth capture and subsequent tracking of the radial. The following
performance rquirements for VOR are stated in terms of crosstrack error
(feet) and radial error (expressed in u amps; I degree = 15 u amps) to
provide for systems using either AMl•C 547 or 579 VOR receivers. For
ARLNC 547 receivers, only the radial error applies. Crosstrack error applied
to the ARINC 579 receiver operating in the primary mode (co-located VOR/
M.E), and radial error applies in the reversionary mode (ONE inoperative
or not available).

Comparison

The C-5A CEI specification for the VOR/rACAN navigation modes of the C-5A
airplane requires that bank angle not exceed 30 degrees during intercept,
but has no requirement for roll rate limit. The C-5A mechanization of both
VOR and TCAN modes does include a rate limit and position limit on roll
angle, as well as a 450 course cut limit.

Discussion

This paragraph covers only general requirements for VOR and TACAN navigation
modes and definition of terms. It is reasonable and acceptable. /j

Recoemendation

AKccept "as is."
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Requirement

3.1.2.8.1.1 VOR Capture and Trackirg. Overshoot shall not exceed 5,800
fcet (20 ua) beyond the desired ground track line in a no-wind condition
for captures 50 miles or more from the station witn intercept angles up
to 45 degrees. Following capture at 50 miles or more, the aircraft shall
remain within an average of 5,800 feet (20 ua) from the VOR radial beam
center, with this error allowance decieasing proportional to the distance
from the VOR station. Average tracking error shall be measured over a 5
minute period between 50 and 10 miles from the station or averaged over
the nominal aircraft flight time between the same distance limits, which-
ever time is shorter.

Comparison

The C-5A CEI specification requires that there be no more than two over-
shoots during capture, while this paragraph requires only a maximum over-
shoot aistance. The average tracking error allowance is really an average
beam angle error as defined in this paragraph. The C-5A tracking error

allowance is 0.1 of full scale course bar deflection, which permits 2.00
degrees of beam error maximum as compared to a 1.26 degree maximum average
error which is equivalent to 5800 feet at 50 miles.

Discussion

The use of the term "average error" is objectionable since large "hunting"
errors could occur to right and left of The beam and still result in a
small "average" error.

Recommendation

It is recommended that "root mean square" be substituted for "average"
in the last sentence.
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Requirement

3.1.2.8.1.2 TACAN Capture and Tracking.. Overchoot shall not exceed 6,3C0
feet beyond the desired ground track line in a no-wind condition for captures
120 miles or more from the station with iutercept angles up to 30 degrees.
The r-quired 0.3 damping ratio shall be exhibited for continuous tracking
between 120 miles and 20 miles from the station.

CoMparison

The C-5A is required to capture with no more than two overshoots and to
maintain track within 10% of full scale course bar deflection. This amounts
to 2 degrees of beam error.

Discussion

There is no TACAN tracking accuracy requirement in this paragraph.

Recommendetion

It is recommended that the following sentenc•e be added to the end of this
paragraph:

"Following capture at 120 miles or more, the aircraft shall remain
within a root mean square of 6,300 feet from the TACAN beam center,
with this error allowance decreasing proportional to the distance
from the TACAN transmitter."

58

7/



S~/

Requirement

3.1.2.8.1.3 Overstation. The VOR/rACAN mode shall include automatic means
for maintaining the aircraft within +1 degree of aircraft heading or ground
track existing at the inbound edge of the VOR zone of confusion (ZOC). During
overflight of the ZOC, adjustment of the preset course heading or its equi-
valent shall cause the roll AFCS to maneuver the aircraft to capture the
appropriate outbound radial upon exiting from the ZOC. The VOR/I'ACAN capture
maneuvering limits may be reinstated during overstation operation.

Comparison

The C-5A is required to maintain compass heading within + 2 degrees through
the VOR zone of confusion while bank angle transients must be less than 5
degrees. Otherwise, the C-5A meets the requirements of this paragraph.

Discussion

The C-5A requirements are intended to apply in the presence of atmospheric

disturbances as specified in miL-F-8785B.

The implication in this paragraph is that the requirement is meant to
apply only in the no-wind condition, as stated in previous paragraphs.

Recommenda uion

It is recommended that the following be added at the end of the first
sentence: "in a no-wind condition."

59



/

Requirement

3.1.2.9 Automatic Instrument Low Approach System. The approach mode of the
AFCS shall respond to localizer signals for lateral guidance and glide slope
signals for vertical guidance. The system shall be designed to automatically
steer the aircraft to a minimum decision height of 100 feet during ICAO Cate-
gory II weather minimums. The system shall provide timely warning to permit
the pilot to complete the landing if runway visual contact is established or
to safely execute a go-around following any single failure or combination of
failures not shown to be extremely remote as defined in 6.6. The system shall
comply with the tracking requirements of 3.1.2.9.1 through 3.1.2.9.3 for
probable combinations of headwinds to 25 knots, tailwinds to 10 knots, and
crosswinds to 15 knots, with the probability of occurrence of such winds and
associated turbulence and wind sheare as specified in 3.1.3.7.3.

Comparison -~-o/

The C-5A AFCS contains an automatic approach mode which automatically steers
the aircraft to a minimum decision height of 100 feet using a Category II
localizer and glide slope ground installation. The mode was designed to meet /
the requirements of Contract End Item Detail Specification CP 40002-6B, FAR
Part 25 and TSO-C9C. The FAA Advisory Circular AC NO:20-57A was used as a
guideline in evaluation of the mode. This mode on the C-5A is completely
monitored when used with the autoland mode and 1ll automatically disengage
the affected axis when a failure occurs and will illuminate warning lights
in front of the pilot and copilot. When this mode is used independent of
the autoland, it is failsafe in that the pilot can safely execute a landing
after any single failure or combination of failures which are not remote by
utilizing the Flight Director flight instruments. This system was designed
for probable combinations of headwinds to 25 knots, tailwinds to 10 knots,
and crosswinds to 15 knots and wind shears of & knots/l00 feet and 4 knots/
100 feet.

It is felt that the C-SA meets the intent of this requirament.

Diecussion

This requirement is basically a good requirement with the exception of the
last sentence which refers to Paragraph 3.1.3.7.3 for the probability of . ..
occurrence of such winds and for wind shear. Examination of Paragraph
3.1.3.7.3 finds no probability of occurrence of the winds to be designed.
A curve is given which shows the cumulative probability of exceeding given
wind speed. rhis area should be clarified in better terms so that there canbe no question as to the requirements.

An attempt was made to utilize the wind shear equation of Paragraph 3.1.3.7.3.2.
It is not clear how this equation and the curve of mean wind exceedance are
used together to determine mean wind, U.

This area of probability of occurrence and wind shear.must be made completely
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clear to the user of kIL-F-9490.

The title of this paragraph does not reflect the requirements that are stated.

Recommendation

Change the title of the requirement to "Automatic Approaci. System."

Perform an investigation into iuhe proper method of describing the probability
of occurrence of winds encountered during approach and landing as it relates
to reported winds by the tower and describe a clear method of determining design
wind shear to be considered. All terms should be defined completely and all
data should be in the same units of measure. After this investigation, revise
the last sentence of this requirement.
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3.1.2.9.1 Lccalizer 1[de. The AFCS shall cause the aircraft to maneuver to

acquire the localizer beam, Heading or roll rate and attitude commands shall

be limited to provide a smo th capture and subsequent trarking of the locali-

zer beam. Overshoot shall not exceed 0.5 degreea (37.5 ua, v'adial error from

localizer beam center for captures with initial intercept argles of 45 degrees

at 8 miles from runway threshold and increasing linearly to 60 degrees at 18
miles from runway threshold in a no wind condition. During localizer capture
the system Dnall exhibit a &dmping ratio of at least J.1 within the noted
capture raties, including the effects of system nonlinearities. The system
shall be considered to be tracking whenever the following conditions are
satisfied: localizer beam error Js 1 degree (75 un) or less, localizer beam

rate is 0.025 deg/see (2 ua/sec) or less, and roll attitude is 5 degrees or
less. During beam tracking the system shall exhibit a damping ratio of 0.2
or greater at a distance of 40,000 feet from the localizer transmitter. The

AFCS shall maintain the aircraft 2o position within 0.33 degrees (25 ua) of
localizer beam center whenever the aircraft is between (1) 40,000 feet hori-
zontal distance from the localizer transmitter, and (2) the point where 100

feet above the ground is reached; these criteria shall be based on a Category

II localizer ground installation and 10,000 foot runway is defined by ICAO

Annex 10.

Ccmnarison

The C-5A localizer mode requirements are as follows:

Localizer - The AFCS shall maintain constant heading until the air
vehicle is within +150 microamperes of the beam center, at which
point the air vehicle shall proceed to capture the beam. Beam entry
shall be smooth, with the beam intercept angles of 45 degrees at 8
miles out increasing linearly to 60 degrees at 18 miles out. The
initial overshoot, during capture, shall not exceed 75 microamperes.
There shall be no more than two overshoots. The second overshoot shall
not exceed 30 microamperes. When t.racking the beam, the damping factor
of the tracking mode shall be greater than 0.3. When subjected to a
wind shear of 8 krnots/100 feet of altitude, startinag at any time during
the approach and continuing for 300 feet of altitude, the steady-state
deviation from the indicated beam center line shail not exceed 40 feet,
and the maximum deviation shall not exceed 80 feet. Any eteady-state
oscillations shall have a period greater than 10 seconds and an amplitude
less than +15 microampere.1. The transient errors shall not exceed 30
microamperes.

The C-5A localizer mode was evaluated and found to moet the C-5A requirements.
The overshoot at an intercept angle of 45 degrees was less than 15 microamperes.
The maximum deviation from the localizer beam center during approaches from
800 feet altitude point averaged 12 microampere3. The 2 sigma deviation
was 10 licroamperes throughout all approaches.
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The KIL-F-9490D requirements are stated in different terms, but it is felt
that the C-5A AFCS localizer mode would meet these requirements.

Discussion

It il felt that 'i requirements of this paragraph are too stringent and
do riot provide maximum designer freedom while retaining required flight safety.

The overshoot requirement of 0.5 degrees (37.5 microamperes) radial error is
very tight and could require a special design such as a variable gain system

for a requirement that is not critical. The point at which the beam capture
is initiated should be specified. It is felt that 150 microamperes is the
best point to start beam capture. This requirement states that a damping
ratio of 0.2 or greater shall be exhibited during the track mode at a distance
of 40,000 feet from the transmitter. This does not give the required damping
before and after the 40,000 foot point. This damping ratio should be rcq.ired
throughout the tracking mode. The tracking accuracy of the requirement is more
stringent than the FAA Category II approach requirement of Advisory Circular

AC' h'o. 120-129. It is felt that the FAA requirements should be used since
these are the requirements that are generally acceptable to the industry.

Recommendation

Revise the paragraph as follows:

"3.1.2.9.1 Localizer Mode. The AX3S shall maintain a constant heading
until the aircraft is within +150 microamperes of the beam center, at
which point the aircraft will be maneuvered to capture the localizer
beam. Heading or roll rate and attitude commands shall be limited to
provide a smooth capture and subsequent tracking of the localizer beam.
The initial overshoot, during capture, shall not exceed 75 microamperes
and the system shall exhibit a damping ratio of at least 0.1 with inter-
cept angles of 45 degrees at 8 miles from runway threshnld and increasing
linearly to 60 degrees at 18 mil. : from runway threshold in a no .i-nd
condition. For intercept angles less than 45 degrees, tha FCs shall
always maneuver the aircraft toward the runway. There shall be no
movement away from the runway threshold during capture. The syst '
shall be considered to be in the tracking mode whenever the following
conditions are satisfied: localizer beam error is I degree (75#a' or
less, localizer beam rate is 0.025 eeg/sec (2Ma/sec) or less. During
beam tracking the system shall exhibit a damping ratio of 0.2 or greater.
Froa the outer marker to an altitude of 300 feet above runway elevation
on the approach path, the APCS shall maintain the aircraft 2 sigma posi-
tion within 0.47 degrees (35,4 a) of the localizer beam center- From

the 300 feet above runway elevation on the approach path to the decision
altitude of 100 feet, the AFCS shall maintain the aircraft 2 sigma posi-
tion within 0.33 degrees (25.4a). The performance during the tracking

mode shall be free of sustained oscillations. These criteria shall be
based on a Category II localizer ground installation and 10,000 feet
runway as defined by 1CAO Annex 10.
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Requirelent

3.1.2.9.2 Glide Slope Mode. The pitch APCS shall cause the aircraft to
Paneuver to acquire the glide alope beam. Neither the position of the air-
craft above or below the glide slope nor vertical speed of the aircraft at ii2•-
time of mode selection shall be incorporated as a precondition for mode
engagement. When preconditions are satisfied, overshoot shall not exceed
0.16 degrees (35 ua) of radial error from glide slope beam center when
capturing from below the beam in level flight at an altitude greater than
800 feet above the glide slope transmitter datum altitude in a no-wind con-/
dition. The system shall exhibit a damping ratio of 0.085 or greater subse-
quent to the first overshoot for the conditions defined. On a Category II I ~
IW3 ground facility (including 10,000 foot runway) as defined in ICAO Annex
10, the pitch AFCS shall maintain the aircraft glide slope antenna 2 o
opposition within 0.16 degrees (,45 ua) of beam center or within 12 feet of K,

beam center, whichever is greater, between the altitudes of 700 feet and 100
feet above the glide slope transmitter datum.

.. mpari son

The requirement of the C-5A AFCS glide slope mode are given below:

Clideslope - During bracketing of the glideslope, the initial over- i"
shoot shall be less than 30 microamperes. The second overshoot shall
not exceed 3U microamperes. The transient errors shall not exceed 30 "
microamperes. The error shall remain less than 10 microamperes from
.0 seconds after glideslope engagement. The damping factor of the

glideslope tracking mode after an initial displacement from the beam
shall be greater than 0.35. When subjected to a fore-aft wing shear
of 4 knots/100 feet, baginning at 500 feet, the vertical deviation
from the ideal glideslope shall not exceed +4 feet at the runway
threshold, assuming constant airspeed. When the airspeed is allowed
to vary ±4 knots from the nominal value, and no wind shear is present,
the vertical deviation from the ideal glideslope at the runway thres- r

hold shall also not exceed +4 feet.

The C-5A requirements are more stringent than the MIL-F-9490D requirement;
therefore, it is felt that the C-5A meets "he intent of this requirement.

Discussion ii -

It is felt that this is a good recuirement, but some changes are required.
Capture performance requirement5 are only given for captures from below the
beam. At the present time, more and more approaches are being made at a
steeper angle due to environmental (noise) considerations; therefore, the
performance requirements for capture should be given for above and below the
beam. This requirement also limits the capture performance requirements to V
an altitude greater than 800 feet above the glideslope transmitter datum
altitude. The capture requirements should be met at any point of capture.
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The damping ratio requirement of 0.085 or greater after the first overshoot
is not acceptable. This low of a damping ratio would be Just as bad as
neutral stability and could induce PIO (Pilot Induced Oscillation). The
damping ratio after the first overshoot should be similar to the localizer
mode.

The transient error that could occur during beam tracking should be covered
in this requirement. The transient error should never exceed the error allowed
for the first overshoot.

The 2 sigma tracking requirements of 0.16 degrees (35/Aa) or +12 feet of beam
center is felt to be reasonable. This tracking accuracy is the same as that
required in Advisory Circular AC 120-29.

Recommendation

Revise the requirement as follows:

"3.1.2.9.2 Glideslope Mode. The pitch AFCS shall cause the aircraft
to maneuver to acquire the glideslope beam. Neither the position of
the aircraft above or below the glide nor vertical speed of the air-
craft at time of mode selection shall be incorporated as a precondition
for mode engagement. When preconditions are satisfied, the first over-
shoot shall not exceed 0.16 degrees (35/Aa) of radial error from glide-
slope beam center when capturing in a no wind condition from above or
below the beam under normal approach configurations. The system shall
exhibit a damping ratio of 0.20 or greater subsequent to the first over-
shoot and the transient errors encountered during •he tracking mode shall
not exceed 0.16 degrees (35Aa) of radial error from glideslope beam
center. When using a Category II II ground facility (including 10,000
foot runway) as defined in ICAO Annex 10, the pitch AFCS shall maintain
the aircraft glideslope antenna 2 sigma position within 0.16 degrees
(35Aa) of beam center or within 12 feet of beam center, whichever is
greater, between the altitudes of 700 to 100 feet above the glideslope
transmitter datum."
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Requi rement

3.1.2.9.3 Go-around mode. The automatic go-around mode shall be manually
engaged only. The APCS shall be designed such that no single failure, or
combination of failures not extremely remote, will cause the aircraft to
maneuver to increase the rate of descent upon engaging the go-around mode.
If the go-around mode is designed for concurrent operation with other auto-
matic control systems, a single switch location or pilot action shall engage
all systems into the appropriate mode for go-around. Should one or any comn-
bination of concurrently operating automatic control systems be inoperative
at the time of AFCS go-around mode engagement, the AFC3 shall comply with
the performance requirements based on normal go-around procedures including
manual management of thrust, flaps, and landing gear.

Comparison

The C-5A go-around mode can be engaged by either the pilot or copilot by
depressing the go-around switch located on their respective control wheels.
When this switch is depressed the autopilot pitch and roll axes are dis-
engaged, the automatic throttles will move the throttles to the high electri-
cal limit, and the proper go-around commands are presented on the flight
instruments from the go-around computer through the flight director. The
pilot or copilot fly the aircraft manually for the go-around mode. The pilot
must manually move the throttles from the automatic throttle electrical limit
to the proper position for go-around. The autopilot roll and/or pitch axesý
can be reengaged and then the aircraft can be controlled during the go-around
by use at the control wheel steering (CWS) mode or the pitch and turn controls.

The C-5A has a manual go-around system and therefore cannot comply with the
intent of this requirement.

Discussion

The use of an automatic go-around mode would depend on the aircraft and mission
requirements. If such a mode is required then this requirement with a slight
modification would be relevant for present and future aircraft. The go-around
commnand signals should be displayed on the flight instruments to allow the
pilot to monitor the automatic system and to perform a manual go-around in the
event of an autopilot failure.

Recommendations/

Revise the requirement by adding the following:

"The go-around commands shall be sent to the flight director system for dis-

play on the flight instruments."
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Requirement

3.1.2.9.3.1 Pitch AFCS Go-Around. The pitch AFCS shall cause the aircraft
to smoothly rotate sufficiently to establish a positive rate of clionb such
that the aircraft will not intersect the obstacle clear nces planes defined
in FAA Advisory Circular 120-29 more often than 1 in 109 events for the wind
conditions specified in 3.1.2.9, and including high altitude, hot day condi-
tions as defined by the procuring activity. In the event of inadvertent
loss of an engine Just prior to or during automatic go-around, the system
shall not cause the aircraft to approach stall within 30 seconds of moda
engagement, based on design approach speed. If operating procedures require
the mode to be disengaged upon inadvertent loss of an engine a timely
warning shall be provided for the pilot to initiate the disengage procedure.
Disengagement under this condition shall be accomplished manually.

Comparison

The C-5A does not contain an automatic go-around mode. The C-5A go-around
signals are displayed on the flight instruments for the pilot to use for a
manual go-arund or utilize the CWS mode of the autopilot. The C-5A contains
a completely independent go-around system to insure that after any failure in
the autopilot the pilot would have reliable go-around data presented. A
direit comparison of the WIL-F-9490D requirements cannot be made with the
C-5A.

Discussion

An automatic go-around mode was considered for the C-5A and therefore we feel
qualified to comment on this requirement. It is felt that this requirement
is valid for present and future aircraft where automatic go-around is required.

Recome,'dations

Retain the requirement as stated.
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Requirement

3.1.2.9.3.2 Lateral-heading AFCS go-around pert',rmance standards. The
lateral-heading AFCS shall maintain the aircraft 4c position within t'he
lateral boundaries of the obstacle clearance planes during wind ca 'itions
as specified in 3.1.2.9. This capability shall be maintained in the event
of the most critical engine failure Just prior to or during automatic go-
arourd. If normal procedure is to disengage the g..-around mode after
inadvertent loss of one engine, under the wind conditions cited a pilot of
normal skill shall be able to recover airplane heading such that igtersection
with the obstacle clearance planes will occur no more than I in 10 events
during recovery.

Comparison

The C-5.i does not contain a lateral-heading automatic go-around mode. An
automatic go-around mode was originally conceived for the C-5A where the
lateral axis was placed in a wings level mode. The primary function of go-

.round is to achieve the maximum climb gradient in the shortest time. There-
fo)re, a wings level mode for the lateral axes was felt to be the best mode
to achieve this goal. The C-5A now contains a manual go-around mode with the
capability of using the lateral axes, using CWS,- to follow the commands displayed
on the flight instruments. The C-5A cannot be Arectly compared with the
MIL-P-9490D requirements.

Discussion

This requirement is valid for present and future aircraft with a change. The
first sentence should be changed to include reference to the FAA Advisory
Circular 12n-29 which is implied. It should be noted that the performance
requirement of the last sentence is completely dependent on pilot reaction
and performance and is not an operational performance requirement on the AFCS.
It does affect the system design of the automatic go-around mode in the area
of failure announcement and affect of failures or disengagement of the mode
oa the aircraft flight path. No change is suggested in this area.

Recomendations

Revise the requirement as follows:

3.1.2.9.3.2 Lateral-heading AFCS go-around performance standards. The
lateral-heading AFCS shall maintain the aircraft 4d position within the
lateral boundaries of the obstacle clearance planes defined in FAA
Advisory Circular 120-29 during wind conditions as specified in 3.1.2.9.
This capability shall be maintained in the event of the most critical
engine failure just prior to or during automatic go-around. If normal
procedure is to disengage the go-around mode after inadvertent loss of one
engine, under the wind conditions cited a pilot of normal skill shall be
able to recover airplane heading such that inter ection with the obstacle
clearance planes will occur no more than I in 109 events during recovery.
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Reauirement

3.1.2.9.5.3 Mtnin.um Go-Around Altitude. A minimum altitude for engaging
automatic go-around shall be established such that the probability of incur-
ring structural damage to the landing gear, wing tips, or Control surface is
extremely remote. The minimum altitude shall include normal performance
under the wind condi.tiox.s specif±ed in 3.1.2.9 and the probability of inad-
vertent loss of an engine at any time within 12 seconds preceding mode
engagement.

Coona-ison

A go-around nan be initiated at any time on the C-5A. It was found by
analysis and flight testing that no structural damage to the aircraft would
occu2' when the go-around maneuver was initiated at any altitude, even while
on the runway.

The C-5A meets the intent of this requirement insofar as structural damage
is concerned.

Discussion

This requirem-nt is valid for present and future aircraft with the understanding
that it assumes that all aircraft will require a minimum altitude for engaging
the go-around mode. both the C-5A and C-141 flight testing has shown that
minimumn altitude for these aircraft is the runvay altitude.

Recommendation

Retain the requirement as stated.

\
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Requirement

3.1.2.10 All Weather Landing System. The following all weather landing system
requirements pertain to the latter stages of the approach; i.e., that portion
of the approach below the decision height or the alert height, as defined in
6.6. All weather landing system shall comply with the following landing
accuracies:

a. Longitudinal dispersion of the main landing gear touchdown point shall
not exceed 1,500 feet with a 2-sigma probability, with a mean touchdown
point beyond the projected glideslope intersection with the runway. The
1,500 foot dispersion need not be symmetrically located about the nominal
touchdown point. The aircraft sink rate at touchdown shall not exceed the
structiral limit of the landing gear except as an extremely remote (6.6)
occurrence.

b. TMe lateral dispersion of the aircraft centerline at the main landing
gear at touchdown shall not exceed 27 feet on either side of the runway
centerline with a 2-sigma probability. The roll out guidance system (nor-
mally used during ICAO Category IlIb or IIIc visibility conditions) shall
cause the aircraft to track parallel to or convergent with the centerline
of the runway.

c. The systems shall meet these requirements considering reasonable com-
binations of head winds to 25 knots, tail winds to 10 knots, and crosswinds
to 15 knots, according to the probability of encountering these winds and
their associated turbulence as specified in 3.1.3.7.3, along with expected
variations in aircraft configurations as specified in 3.1.2.10.1, and expect-
ed variations in ground facility performance as specified in 3.1.2.10.2.

Comparison

The C-5A contains an automatic landing mode which will automatically land the
aircraft and control the aircraft along the runway until loss of rudder effec-
tiveness occurs. The mode was evaluated inflight with the following results:

Mean Value-Ft. 2 Sigma Deviation-Ft.
Longitudinal Distance from 181 802
glideslope runway intersection

Lateral Displacement
from beam center 0.97 26.34
fron rtnway centerline 3.82 28.49

link Rate 2.46 2.06
at to'ichdown
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Thie aircraft sink rate at no time exceeded the structural limits. 7he C-5A
meets the intent of the 14IL-F-9490D requirement except for the lateral dis-
pension requirement not to exceed 27 feet from the runway centerline with a
2.sigma probability.

Discussion

Paragraph 6.6 of PLIL-F-9490D contains the following definition for All Weather
Landint7 System:

All weather landing system. An all weather landing system. includes specifi-
cally all the elements of airborne equipment and more generally includes tie
ground-based equipment necessary for completion cf the all weather landing.
All weather landings comprise the operstinns and procedures required to conduct
approaches and lsndings during Category II and Ill visibility conditions de-
fined by the International Civil Aviation Organization.

This definition states that an ALTLS includes all aircraft equipment, ground
based equipment, operations and procedures over some of which the contractor
has no authority or control. Since this specification is intended to cover
the design installation and test of flight controls systems by establishing
reneral performance, design, development and quality assurance requirements for
the flipht control systems, the requirement for an All Weather Landing System
as defined is believed to be beyond the scope of this specification. The
majority of the performance requirements stated in the requirements however are
pertinent to an automatic landing mode. It is reccgnized that the procurring
activity has the need to exercise its prerogatives for ground and flight pro-
cedures and equipment and for weather minimums for which the aircraft shoild be
cleared. The contractor must satisfy the requirements insofar as he is able
within the limitations imposed by requirements and equipment over which he has
no control. The contractor should therefore be responsible for installing
equipment to meet specific performance requirements which are measurable and
for which he has control.

Requirement 3.1.2.10b implies that rollout guidance should be designed to
accommodate Category IIIb and llIc visibility conditions. This requirement
could require sophisticated ground equipment to be installed at the landing
area. The type of ground guidance used would dictate the equipment to be
installed in the aircraft. It is felt that this is not feasible since each
government organization, aircraft manufacturer, equipment manufacturers and
related organizations would have different approachen on proper ground guidance
to achieve Category II1b snd IIIc control. In addition, it is believed that
there are no commercial or military airfields that have ground equipment that
is capable of guiding an aircraft under the stated weather minims. This require-
ment should require equipment installed which could be used in meeting the FAA
Category III a Landinp Weather Minima. Advisory Circular AC-120-28A gives the
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requirements to obtain approval for this type of system. Any further require-
ments beyond Category Illa should be contained in the RFP with an explanation
of the ground equipment to be used.

Requirement 3.1.2.10c states the requirements for winds to be met during auto-
matic landing. This paragraph refeis to requirement 3.1.3.7.3 for probability
of encounter. This paragraph does not clearly define this probability as dis-
cussed in the evaluation of requirement 3.1.2.9. The wind shear requirements
are not given. It is felt that the wind requirement given in FAA AC-20-57A
applies here.

This requirement should be revised to include the FAA requirements contained
in AC 20-57A and to be compatible wi'" .- 120-28A. These requirements are
capable of being demonstrated and have been accepted by industry. Malfunction
and annunciation requirements should also be added.

Recommendation

Revise the requirement as follows:

3.1.2.10 Automatic Landing System. The following automatic landing system
requirements pertain to the latter stages of the approach; i.e., that portion
of the approach below the decision height or the alert height, as defined in
6.6. Automatic landing system shall be designed to be compatible to operations
in ICAO Category Illa weather minimums and comply with the following landing
accuracies and requirements

a. Longitudinal dispersion about the nominal point of the main landing
gear touchdown shall not exceed 1,500 feet with a 2-sigma probability,
with a mean touchdown point beyond the projected glideslope inter-
section with the runway. The 1,500 foot dispersion need not be
symmetrically located about the nominal touchdown point. The air- .
craft uxk rate at touchdown shall not exceed the structural limit
of the landing gear except as an extremely remote (6.6) occurrence.

b. The lateral dispersion of the aircraft centerline at the main landing
gear at touchdown shall not exceed 27 feet on either side of the
runway centerline with a 2-sigt8 probability. The roll out guidance
system shall cause the aircraft to traak parallel to or converge
with the centerline of the runway.

c. The systems shall meet the dispersion requirements considering reason-
able combinations of head winds to 25 knote, tail winds to 10 knots,
and crosswinds to 15 knots, moderate turbulence, wind shear of 8
knots per 100 feet from 200 feet to touchdown, along with expected
variations in aircraft configuration as specified in 3.1.2.10.1 and
expected variations in ground facility performance as specified in
3.1.2.10.2.
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d. Automatic landing system malfunction should not :ause significant
displacement of the aircraft from l ts approach path, including alti-
tude loss or cause any action of the flight control system that is
not readily apparent to the pilot, either by control movement or
advisory display. Upon system disconnection, the automatic landing
system shall not cause any out-of-trim condition not easily control-
led by the pilot.

e. Means should be provided to inform the pilot continuously of the
mode of operation of the automatic landing system. Indication of
system malfunction should be conspicuous and rxmistakable. Posi-
tive indication should be provided that the flare has (or alterna-
tively has not) been initiated at the minimum normal flare engage
heights.

f. The automatic landing system design shall meet the criteria for
approval of Category IIIa landing weather minima defined in AC
120-28A.
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Reguirement

3.1.2.10.1 All weather landing performance standards - variations or aircraft
and airborne eani.iment configurations. All weather landing performance require-
ments shall be met while Including the effects on performance of the following
aircraft and airborne equipment variations expected to occur in normal service.

a. Landing weight and centor of gravity variations.

b. Landing flap setting variations.

c. Aircraft approach speed variations.

d. Glide slope and localizer airborni receiver centering errors.

e. AFCS all weather landing system sensor, computer, and servoactuator
tolerances.

f. Performance tolerances of automatic control systems operating concur-
rently with the AFCS all weather landing system; e.g., stability
augmentation systems, load alleviation systems.

Comparison "

The automatic landing on the C-5A was considered a mode of the AFCS. The iFCS
was designed to operate under the following conditions.

a. All-weather conditions.

b. With 3 or 4 engines operating and during engine failure.

c. lithin the air vehicle gross weight range from 542,000 pounds minimum
to 769,000 pounds maximum.

d. The AFCS shall be mechanized such that any single failure will not
cause significant upsetting moment or flight path deviation of the
air vehicle. 3ubsystem shutdown or disconnect is permissible.

The automatic throttle system was required to be operational during the auto-
rsatic landing mode to meet the airplane performance requirements. The AFCS
was designed for normal weight and center of gravity variations and landing /flap setting variations. The effects of tolerances of all systems used to
perform the automatic landing mode were included in the performance analysis.

The C-5A automatic landing mode meets the intent of MIL-F-9490D requirements.

DisIcUssion

This requirement is valid for present and future aircraft except for the title,
".,il weather landing system". This should be changed to, "Automatic landing
system" . See the evaluation on requirement 3.1.2.10.
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Recommendation

Revise the requirement as follows:

3.1.2.10.1 Automatic landing performance standards - variations or
aircraft and airborne equipment configurations. Automatic landing perfor-
mance requirements shall be met while including the effects cn perfcrreance
of the following aircr"aft and airborne equipment variations expected to
occur in normal service.

a. Landing weight and center of gravity variations.

b. Landing flap setting variations.

c. Aircraft approach speed variations.

d. Glide slope and localizer airborne receiver centering errors.

e. AFCS automatic landing system sensor, computer, and servo-
actuator tolerances.

f. Performance tolerances of automatic control systems operating
concurrently with the AFCS automatic landing system; e.g.,
stability augmentation systeus, load alleviation systems.
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Requirement

3.1.2.10.2 Performance standards - ground based equipment variations.
Proof of compliance with performance requirements for all weather landing
systems shall include the effects of expected variation in type and quality
of the ground based equipment. ILS beam structure, associated tolerances
and alignment errors, monitoring, touchdown zone lighting, terrain clearances,
and controlled or critical taxi zones shall be considered to meet the require-
ments for Categories II or III operations as defined by ICAO innex 10.

Comparison

The performance requirements of the C-5A automatic landing mode included the
glide slope beam variations and tolerances. The performance requirements for
lateral touchdown were given in displacement from the beam center. It is
felt that the C-5A meets the intent of this requirement in regards to ILS
beam tolerances.

Discussion

This requirement includes areas that should not be included in a flight control
system specification, such as; touchdown zone lighting, and taxi zones. Only
flight control requirements that the aircraft manufacturer is responsible for
should be included in this specification to instre -hat compliance with require-
ments can be domonstrated. This same subject is discussed in the evaluation
of requirement 3.1.2.10.

This requirement should include the expected variation of the ILS beam that
should be considered during design and evaluation. FAA Adviso-T Circular
AC 20-57A gives beam performance values that have been accepted by industry.
These should be included in this requirement by reference.

Recommendation

Revise this requirement as follows:

3.1.2.10.2 Performance standards - hround based equipment variations.
Proof of compliance with performance requirements for automatic ]Thncing
systems shall include the effects of expected variation in type and quality of
the ground based equipment as defined in FAA Advisory Circular AC 20-57A.
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Requirement

3.1.2.11 Flight Load Fatigue Alleviation. A ,tWgua alleviation control
system may be used where it is advantageoua to the weapon system. The
fatigue alleviation system shall comply with applicable requirements of
MIL-A-8866 in addition to the requirements of this specification.

Comparison

'Ate C-5j, fleet has been retrofitted with a non-critical active control sys-
4t. called the Active Lift Distribution Control System (ALDS) which fmict:ons
as both guwt and maneuver load alleviation system to extend the service life
of the C-. inner wing structure. Maneuver load alleviatior is attained by
th.e direct effect of aileron inputs which shift the spanvise center of pres-
sure inboard thus reducing )-he iucremental bending moments for a given incre-
mental load factor. Gust loe-d ahleviatlon is attained by reduced short period
response of the airframe to continuous turbulenc.: as a result of the inboard
el~vator pitch damping effect and by the direct lift effect of aileron inputs
wiich reduce the wing first bending responses in turbulence.

Serv-ice life improv:,aent is attained through reduced axial tension stresses
on the wing lower surface which result from maneuvering and gust load sources.
rhe axial stress reductions are accompinied by increased shear stresses due
to the load combinations generated by the aileron inputs (negative bending-
posizive torsion) thus complicating the analytical prediction of 3ife improve-
ment.

Preliminary estimates of the effectiveness of the AUDCS to provide extended
fatigue life have been made using newly developed fatigue analysis methods.
These data indicate a fatigue daynage rate reduction of approximately 20% or
a like extension factor I_' 1.25 for the life limiting inner wing lower surface
structure.

L review of the requirements of MIL-A-8866A revealed no paragraphs directly
related to fatigue alleviation control system nor any paragraphs which must
be adhered to in order to produce an effecti7ve, safe active control system
function.

An example of the effect of AICS on the first wing bending mode is shown
in Figure 1 (3.1.2.11).
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Discussion

The fact that paragraphs could not be found relative to fatigue alleviation
control systems in MIL-A-8866 leaves the designer wondering which require-
ments should be addressed. Future revisions to this document may provide
specific criteria.

Reco endation

Retain the requirement as stated.
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3.1.2.12 RiPd F&oothin&. With the ride srmoothing AFCS and other FCS in
CT,2rational State I, the following short term and applicable long term verti-
cal or lateral axis ride discomfort index levels shall not be exceeded at any
crew station during flight in th.e tu•bulence level specified in Table II.

TABLE II
RIDE DISCOMFORT IOUEX LIMITS

Ride Disccmfort Flight Phase Duration Probability of Exceeding
Index, Di (Exposure Time) RMS Turbulence Intensity

bLcng Term 0.10 Over 3 Hours 0.20
i.oquirerent 0.13 From 1.5 to 3 Hours 0.20

0.20 From 0.5 to 1.5 Hours 0.20

6hort Term 0.28 Less than 0.5 Hour 0.01
-equirement

The requirements apply separately to each of the vertical and lateral axes.
For the lateral axis requirement only lateral gusts apply and for vertical
acceleration only vertical gusts apply. Effects of attitude hold or other
pertinent AFCS modes shall be included where used. This requirement normally
applies only wlhcre a ride smoothing A!CS is specified by the procuring acti-
vity. However, where ride smoothing is not specified and other AF'S modes
deorade ride quality, the resulting ride shall not degrade to below the levels
specified.

3.1.2.12.1 Ride Discomfort Index. Ride discomfort index is defined as:

Di f U (f) 2 Tcs(f) 20u(f)df] 1/2

Di = Ride Discomfort Index, (vertical or lateral)

W(f) = Acceleration weighting function (vertical or lateral) 1/g

TC5(f) = Transmissibility, at crew station, g/ft/sec

1u(f) = Von Karmuan gust power spectral density of intensity specified
in 3.1.2.12 and form specified in MIL-F-8785

= Frequency, Hz

Truncation frequency (frequency beyond which aeroelastic
responses are no longer significant in turbulence) (1)
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Acceleration weighting functions are defined for vertical and lateral accelera-

tion by Figure 1. Probability of exceedance versus turbulence iatensity is

specified in 3-1.3.7.
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Comparison

Lockheed-Georgia generated a digital computer progrnm in 1970 to d_1termire tv!,
ride dircomfort index as defined in aracgraph 3.1.2.12 for a givcn airplane
and flight condition. Sevcral flight conditions were ex ;mrdned for the C-5A
airplane and results showed thAt in some low altitude, hi;h speed cases, the
ride discomfort index (RDI) did not meet the requirements specified in this
paragraph. The addition, by retrofit, of an Active Lift Distribution SyjtzM
(ALUCS) has improved C-5A ride qualities significantly. The digital co-,ýuter
analytical program has not yet been modified to include the evaluation of
ALDCS effects on the RDI.

Discussion

Lockheed-Georgia has investigated ride quality criteria independently and
has generated several digital computer programs for calculating the ride

.discomfort index, based on the same formulation as that shown in this require-
ment. This is believed to be the best currently available criterion for ride
quality measurement.

It is noted that the index is usually computer per unit RMSS gust and then
multiplied by the RMS gust value to obtain the RDI numzber.

It is felt that the long term and short term requirements for ride qualit-,
while valid for transport airplanes, may be overly stringent for fighter/
bomber airplanes in certain AFCS modes such as automatic terrain follc;~-iaj,
where safety of flight and vulnerability to anti-aircraft weapons na.y take
priority over ride quality requirements. If ride smoothirg is r'equired by
the procuring activity, the function will be designed as an integral part of
the basic AFCS and will function during all AFCS modes. The requirements
are valid for those aircraft for which the procuring activity may specify
ride smoothing. However, when ride smool.hing is not specified, the require-
ment to analyze and verify that the AFCS modes meet the specified RDI levels
is too stringent and would result in unnecessary acquisition costs.

Recommendation

It is recommended that the last sentence of 3.1.2.12 "Ride Smoothing" be
deleted.

Requirement

3.1.2.13 Active Flutter Suppression. Not Applicable.
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Requirement

•.1.2.14 Oust and Maneuver Load Alleviation. An active gust and maneuver
load alleviation control syrtem may be used where it is advantageous to
the weapon system. The active load alleviation control system shall con-
forr to the applicable requirements of MIL-A-8861 in addition to the require-
ments of this specification.

Comparison

The initial work on load reduction systems for the C-5A at Lockheed-Georgia
began in 1967 and has progressed through several system variations which
culminated in the development, production, and installation of the active
lift distribution control system. In 1967, Lockheed participated in the
aircraft load alleviation and mode stabilization (LAUS) program being
conducted by Boeing qnd Honeywell. Results of the LAW C-5A system analy-
sis and synthesis r nowed that an automatic flight control system could reduce
structural fatigue damage rates during turbulent flight without significant
penalties to basic aircraft stability and handling qualities.

In mid-1969, a program was initiated by Lockheed-Georgia to design, develop,
and test a maneuver load reduction system. Rather than a fatigue load
reduction system such as the LAMS, the program objective was a system which
reduced maximum wing upbending loads, a "strength design" load reduction.
The system used symmetric aileron deflections as a function of load factor
to shift the spanwije airload distribution. It was named the Maneuver Lift
Distribution Control System (1dLDCS). The MLDCS also used inboard elevator
deflections as a l'unction of symmetric aileron commands to compensate aileron
pitching moments.

During the H LDCS development, a requirement was generated to obtain a sim-
plified MLDCS for early fleet incorporation of a load reduction system. The
objectives of this system were to reduce wing root bending moments, improve
service life by reducing Ig mean bending moments, minimize aircraft perfor-
mance penalties through maximum use of existing hardware and minimum use
of new components. The resulting system, known as the Passive LDCS (PLDCS)
used aileron uprig deflection of either 6" ot 12" with the amount of uprig
being a function of aircraft configuration and flight condition. The C-5
fleet has been using the PLDCS since November, 1971.

In late 1972, the C-5A Independent Structural Review Team (IRT) included
the development of an active LDCS in the list of options available to the
Air Force as a means of extending the service life of the C-5A primary wing
structure. Air Force and Lockheed review of the IRT options resulted in
a Joint decision to proceed with an ALDCS development program in mid-1973.

The primary obJective of the ALDCS was to provide a system which utilized
existing aircraft control surfaces to reduce wing bending moments which
result from gust and maneuvpr load sources.

I82



ALDCS System Design Goals

The following ALDOCS system design goals were considered in the design of
the computer, sensors, and interfacing with existing aircraft hardware
and systems:

The system shall be designed to operate on a "full time basis" within
the C-5A speed/altitude operational envelope.

The system shall be designed to "fail safe" concepts.

No single failure of the ALDCS will affect the normal operations of
the pitch and yaw/lateral SAS.

The system shall be designed to interface with existing systems and
shall use existing sensors and hardware where possible.

The system shall be designed to interface with existing systems and
shall use existing sensors and hardware where possible.

The system shall be designed to operate about ahe present passive

LDCS trim positions of the ailerons.

ALDCi Structural Design Goals

The structural goals of the ALDCS specified for gust and maneuver load
scurces were expressed in terms of load changes at the wing root. Torsion
moment increases at other spanwise locations were permitted to exceed the
percentage increases specified for the wing root; however, the objective was
to minimize the outer wing torsion changes while meeting the criteria speci-
fied for the wing root. There were no quantitative requirements for load
reductions for discrete gust; however, the ALDCS was required to not increase
discrete gust loads.

Continuous turbulence shall result in RMS bending moments at the wing
root (W.S. 120) not exceeding 70% of the free airplane values as shown
by analyses using the Von Karman gust spectra with a variable scale of
turbulence. The above load reductions were required to be realized for a
turbulence level of 5 ft/sec RMS. The free airplane did not include the
effect of SAS and autopilot.

The F1,6 gust torsion at the wing root could not exceed the free aircraft
values by more than 5%.

The maneuver Incremental root bending moments could not exceed 70% of the
free aircraft values.
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ALDCS Stability and Control Criteria

The ALDCS/Airframe combination was required to meet the following stability
margin criteria:

The stability caactins shall be such as to preclude:

a. Adverse structural mode coupling
b. Significant degradation in present handling qualities
c. Significant degradation of existing flutter margins
d. Adverse coupling w'th existing flight control systems
e. Limit cycle tendencies

The stability margin goals ares

a. Ground Test W'' Modes - 6 db min gain margin and 45 degree phase
margin

b. Flight Modes - 6 db min; 10 db goal gain margin and 45 degree min
phase margin

c. Flight Modes - beyond control mode natural frequencies - 60 db per
decade attenuation (roll-off) and infinite phase margin

The AIDCS shall not produce any significant changes in the existing stability,
control and handling qualities.

Figure 1 (3.1.2.104) shows the results of flight test using the AIUCS to reduce
gust and maneuver loads.

Discussion

The requirements are non-specific in the area of performance as is appropriate
to a system of this nature. The requirement will be applicable to any new
large transport and should be retained.

Recommendation

Retain the requirement as stated.
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Reguirement

3.1.2.15 AUtocmatic Terr!,tn Fo]ic'n::. Ferfor-m-ance requirc:2nt3 shall be
as specified by the procuring activity.

Comparison

The C-5A terrain following oystem is deciend to provida the C-5A aircraft
with terrain following capability at airjpcds up to 350 KCA3 and a minim=o
ground clearance of 1,000 feet. This systcm consists of a multiiaodc radar
system, a terrain following computer, and either the pitch a-is autopilot
or the flight director. The radar supplies forward terrain information to
the computer which determines the threatenir. peaks and generates a flight
path angle to maintain the clearance altitude. This ccmrrter then sends an
error signal to either the autopilot or flight director.

The pilot has the option of selecting ground elenraounce and one of four ride
"hardnesses" which dictate the maximum climb and dive anles. Ride 1 lirrits
the maximum flight path angle to _7.5*; Ride 2 limits it to ±_5.01; and Ride
5 and Ride Soft limit the =.txirmnm flight path angle to +2.5*. If the thr.a-
tening peak's range is less than 2.5 miles, the mna-miuým flight path angle
can increase by appreximately 50%. The rate of charne of the fligqht path
angle is limited to 0.9°/second to keep the incremental normal accelerati-.,
from exceeding about 0.3 g's.

The system includes an altimeter control cor.nd which sudatches Lt to -eplace
the terrain following comnand if the aircraft deviation from its assiined
clearance altitude generates a larger error than the terrain following
signal or if the radar return is lest. This feature prevents the aircraft
from flying dangerously below the assigned altitude.

Discussion

The requirement that the performance of the system be specified by the pro-
curing activity is appropriate for it 1.s only recently that the uniformity has
been sought in terrain following criteria. Activities of this nature should
be followed to determine their applicability to the specification.

Recommendation

Accept this paragraph "as is."

--



Requirement

3.1.2.16 Control Stick (or Wheel) Steering. The pilot shall retain full
capability to maneuver the airplane within the applicable control force
and maneuver limits of ?IL-F-8785 or MIu-F-83300. Automatic disengagement
of the AFCS with reversion to manual control is permitted in meeting this
requirement.

Comparison

The C-5A AFCS has both rate and coupled control wheel steering for both
the pitch and roll axes. Rate control wheel steering provides the pilot
the capability to maneuver the airplane and establish a new attitude hold
reference without disengaging and re-engaging the autopilot. An the coupled
CWS mode the pilot inputs are only additions to the autopilot computations.
Rate CWS is automatically armed whenever the attitude hold mode is established
and the pilot is notified by illumination of the CWS ON lamp on the AFCS
control panel. The mode is automatically engaged when either pilot applies
a force greater than 2.3 pounds on the control wheel in the nose up or down
direction and turning to the left or right.

In the pitch axis, the force level detector circuit on pilot's force sensor
triggers the following events when the force level exceeds 2.3 pounds:

a. Pitch attitude and flap inputs to the pitch axis computations
are interrupted.

b. The autopilot elevator command is rapidly re-synchronized to
prevent transients.

c. Switches close to directly couple the force sensor outputs into
the signal chain.

Thereupon the pilot directly controls the amount of elevator commanded and
consequently the rate of pitch response by varying the forces applied to
the control wheel. Upon removal of the force for one second, the autopilot
automatically reverts to the attitude hold mode and .ynchronizes to the new
existing attitude. The roll axis is similarly mechanized.

When engaged in horizontal NAV modes, altitude capture, VERNAV, terrain
following, glideslope, or 'adar approach, coupled control wheel steering
can be engaged to allow the pilot to assist the autopilot. Once the primary
mode is established, the pilot may arm th. CWS function by selecting PITCH
CWS (in the case of the pitch axis) or the AFCS control panel. The mode
is automatically engaged when forces greater than 2.3 pounds are applied to
the wheel. The integrator is braked to prevent its f-,nctioning so long as
the force is applied. The force signals are directly added into the signal
chain causing the aircraft to deviate from the coimmanded path. Upon release
of the force, the autopilot •aneuvers the aircraft back to the commanded
path of the primary mode.
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The pilot must manually disengage the AnS by one of three ways in order to
revert to manual control and have the capability to maneuver the airplane
within the applicable control force and maneuver limits of MIL-F-8785.
rherefore, the C-5A does not meet this requirement as stated.

Discuision

The Control Wheel Steering modes of an autopilot system are usually indi-
vidually tailored to suit the aircraft's mission; therefore, designs differ
widely from aircraft to aircraft. The decision not to detail design this
mode In the flight control specification is commended, but this should be
made clear in this requirement.

This rE4uirement as written limits the CWS design tc either a dieconnect
type of system or one which has extra circuitry added to achieve automatic
disengagement for reversion to manual contrcl. Since the basic function
of tne CdS mode is to allow the pilot to change his references for automatic
operation, similar to using the roll and pitch mode, then manual disengage-
irent of the autopilot should be considered for meeting the basic requirement
of retaining full capability to maneuver the aircraft.

Aecommendation

tevise tht requirement as follows:

3.1.2.16 Control Stick (or Wheel) Steering. The type of control
stick (or wheel) steering used shall be provided to the extent
specified by the procuring activity. If the mode is provided, the
pilot shall retain full capability to maneuver the airplane within
the applicable control force and maneuver limits of MIL-F-8785 or
DKIL-F-83300. ýlanual or automatic disengagement of the AFKS with rever-
sion to manual control is permitted in meeting this requirement.

Additional Data (For "Users' Guide")

The Control Wheel Steering modes of an autopilot system are usually indivi-
dually tailored to suit the aircraft's mission; therefore, designs differ
widely from aircraft to aircraft. There are fourteen major basic CWS con-
figurations. These configurations are listed in ARINC Report No. 417, dated
April 9, 1971, and are given in Figure No. 1 (3.1.5.1.1). The design should
select the type or types of CWS that would best meet the aircraft and mission
requirements.
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Requirement

3.1.3 General FCS Design. Fligt control dystoms shall be as simple, direct,
and foolproof as possible, consistent with overaUl system requirements.

Comparison

The C-5A flight control systems were deiigned to be o.s simple and direct as
the space available and syste- performance a. I redundancy requirements would
allow. Cable joints were staggered to prevent wrone connections. Non-standard
detail parts and subassemblies uere made non-interchangeabhle by specifying
different hole patterns and other different dimensions.

Discussion

The requirement is reasonable and the C-5A meets the requirement. The require-
ment is specific, but difficult to obtain an objective judgerent and proof of
its actual accomplishment. Certainly in hindsight most flight control systems
including the C-5A can be simplified and in the process improved when judged
by these criteria as well as most other criteria. This is a worthwhile
design goal which, ehen kept in mind during the design prJcess, should result
in improved reliability, maintenance and operation.

Reco:n=endation

Accept as is.

S~89



Requireme t

.3.1.3.1 Redundancy. The contractor shall determine the redundancy approaches
and levels required to satiesy the requiremsnts of this 6pecification.

Comparison

The C-5A Controls System (FCS) wao designed to the requirements of Specifica-
tion No. CP40002-6B titled Performance/Design and Qalification Requirements
CEI hkznber MAOOO1A C-5A Air Vehicle Flight Controls Subsystem.

The C-5A control system design considered optimization of the Mequirements
for reliability, invulnerability, failuie immunity and related safety con-
siderations in meeting the functional system requirements. Variations of
mechanical systems, electrical systems, and combinations of these two were
used in achieving these design ,)sals. Dissimilar parts aid systems were used,
where deemed practical, to achieve a more viable redundancy. Normally the
degree of redundancy required to achieve the flight phase essential and essen-
tial controls wves exceeded by one level above the minimum to achieve the
reliability, safety, aid functional considerations. Specific examples of
the C-5A design goals were to provide systems which permit continued operation
after any single malfunction, provide aircraft controllability after the loss
of two hydraulic systems, include redundancy wherever a failure could seriously
degrade safety of flight.

Specific items in MIL-P-9490D will be covered under the paragraph in the speci-

fication. See paragraph 3.1.9.4 a(2) for a typical example.

Discussion

The C-5A FCS was designed to requirements that are more specific than redun-
dancy requirements of ML-F-949OD. This is a good requirement when it is
considered as a design goal. The interpretation in this, as in any general
specification, has to be supplemented by the configuration application as well
as the design guideline "checklist" as defined by the "Users' Guide." Meeting
this type of requirement cannot be demonstrated except by abstract non-
quantitative terms by opinion based on experience.

Recommendation

Retain the specification as stated. It is suggested that it would be beneficial
to expand on degrees of FCS criticality as it may relate to the system design
redundancy for more specific examples, for future inclusion in the "Users'
Guide." This data could be derived from design/trade studies of existing or
future proposed configurations.
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Requirement

3.1.3.2 Failure Inmnunity and Safety. Within the permissible flight enve-
lope, no single failure or failure combination, which is not extremely remote,
in the FKS. or related subsystems shall result in any of the following effects
before a pilot or safety device can be expected to take effective corrective
action. For this specification, extremely remote is defined as numerically
equal to the maximum aircraft loss rate due to relevant FCS material failures
specified in 3.1.7.

a. Flutter, divergence, or ether aeroelastic instabilities within the per-
missible flight envelope of the aircraft, or a structural damping coefficient
for any critical flutter mode below the fail-safe stability limit of MIL-A-
8870.
b. Uncontrollable motions of the aircraft or maneuvers which exceed limit

airframe l-ads.

c. Inability to land the aircraft safely.

d. Any asymmetric, unsynchronized, unusual operation or lack of operation
of flight controls that results in worse than FCS Operational State III.
e. Exceedance of the permissible flight envelope or inability to return

to the service flight envelope.

Comparison

The C-5A was shown to be free from aeroelastic instabilities with flight
controls in any powered or unpowered condition throughout the flight envelope.

As shown in the validations of Paragraphs 1.2.2 and 1.2.3, the results of
multiple failures and even the complete loss of significant portions of a
contrml function for any axis results only in increased pilot workload.
Also the pilot actions to detect and counteract these failures are within
the normal pilot skills and strength ranges and the override actions required
are in the normal sense.

Because of the multiplicity of C-5A control surfaces and control input load
paths there is no single failure or probable combination of failures in the
FCS which would result in the inability cf the pilot to land the aircraf'
safely. The C-5A exceeded the contracted requirements for failure immuni. v
and flight safety after failures in the 703.

One of the most significant failures from the standpoint of airframe loads
which can be encountered in the C-5A is a hardover pitch axis autopilot and
the suLsequent recovery therefrom. Flight evaluations of these pitch axis
autopilot Iailures were conducted at the most critical aircraft center of
gravity and loading conditions for assessing maximum aircraft positive and

/
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negative g's encountered during the recovery wihen initial pilot corrective
actions were delayed by three second malfunction recognition times. Thea.
evaluations showed pilot'sa recovery of the aircraft resulted in structural
loads not more than 80 percent of design limit load factors.

Di scussi on

The requirements stated are reasonable and achievable.

Recommendation

Retain the requirement as stated.
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3.1 .3.2.1 A"+ý-t-ic Terr'in Follc'cirn Fýilvrr T,-,r'itv. The terrain fol-
lowing system shall detect any potontially critical failure, not shown to
be extrcmely rcmote, in the cc:-zand generation schcme, sensors (including
radar and radar altmneter), or terrain followrirZ AFCS and provide warning
to the pilot. Any failure resulting in loss of the autcmatic terrain fol-

lownrg function or unsafe flying condition shall provide safe exit (auto-
matic fly-up) from the low altitude, high speed envirorment. Talke-over
or injection of ccunzands by the pilot while the system is operating shall
permit a smooth and positive transition without adverse transients. AYCS
function accuracy (heading and roll attitude hold) shall be maintained to
the degree specified in 3.1.2.

Ccmparison

On the C-5A aircraft, terrain following (TF) _s provided through the flight
director and the autopilot. The terrain following logic and circuits are
contained in the multimode radar subsystem. The monitoring system within

the multimode radar circuitry provides a fly-up signal or ccand in the
event of a failure or malfunction, thus providing the "safe exit." Appro-
priate warning lights are illuminated in front of the pilot and copilot.
Through the use of CCWS, the pilots are capable of making inputs while the
system is operating. In the event of failure, the pilot is signaled to fly-
up if in the Flight Director mode. A constant climb is initiated automati-
cally when in the AFCS mode. The autopilot (A/P) or flight director remains
coupled with the TF until the mode is disengaged by the pilot. If the problem
within the TF system should correct itself prior to pilot disengagement,
normal TF mode operation would ensue. In the event of an autopilot malfunc-
tion while in the TF mode, disengagement will be automatic with illumination
of the A/P PITCH OFF annunciator light and AUTO caution lights. Since the
TF mode employs only the pitch channel circuitry, the basic roll axis modes
(heading hold, roll attitude hold, or heading select) are available and
generally used to complement the operation. The C-5A meets the intent of
this requirement.

Discussion

Normally the terrain following function is contained in the radar system and

is an independent design from the AFOS, but supplies signals to the AFCS flight
director system for manual terrain following and to the autopilot pitch axis
for automatic terrbin following. This requirement pertains to the
requirements between the AFCS and the terrain following system due to a failure
in the terrain following mode. Tne C-5A terrain following system sends a
fly-up command to the flight director and to the autopilot in the event of a
failure in the TF or if an ur:afe flying condition occurs. Some other radar
systems that are available only send a fly-up sigral in the event of an unsafe
flight condition and a warning signal is sent in the event of a failure. In
this latter case, the AFCS must generate a fly-up signal within its equipment.
The method of producing a fly-up coiand (within radar or AFCS) must be left

up to the individual designer.
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A change to this requirement is needed to make it clear that this requirement
is on the interface between the AFCS and the terrain following system and does
not constitude a requirement to supply terrain following computation or moni-
toring within the AFCS.

Recommendation

Revise the requirement as follows:

"3.1.3.2.1 &utomatic Terrain Following Failure Immunity. Safe exit
(manual and/or automatic fly-up commands) from the low altitude, high
speed environment shall be provided for any failure resulting in the
loss of the terrain following function or unsafe flying condition.
Take-over or injection of commands by the pilot while the system is
operating shall permit a smooth and positive transition without adverse
transients. AFS function accuracy (heading and roll attitude hold)
shall be maintained to the performance requirements specified in 3.1.2.
Failure annunciation of the TF mode shall be provided to the pilot."

Additional Data

The sentences indicated by the left vertical sideline should be added to the
background information and "Users' Guide."

9
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R~equiremnent

3.1.3.3 oystem Operation and Interface. Wherever a noncritical control or
any other aircraft subsystem is interfaced with essential or flight phase
essential flight control channels, separation and isolation shall be pro-
vided to make the probability of propagated or common mode failures extremely
remo te.

Comparison

In the C-5A, aircraft systems which -are especially critical for flight con-
trul, or which would Jeopardize safety of flight if malfunctioning, t."e
provided with built-in limiting devices, emergency disconnects, alternate
or redundant systems, and other safety measures as required to insured safe
operation of the system.

Discu~gsion

The requirement is applicable to transport aircraft which have "essential
and flight phase essential flight control channels" as a qualitative safety
of flight inducement. It (the probability) is not a requirement which can
be measured and judged as to whether or not an aircraft is in compliance
but a guideline for design. Due to the nature of the requirement the lack
of stringency is appropriate. This requirement should be valid for design
of future transport aircraft without changes.

Recommiendation

Accept "as is."
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Requirement

3.1.3.3.1 W~am. After power is applied to the FCS, the warmup time
required to meet this specification shall not be more than 90 beconds for
t•flI•-8785 Class IV aircraft and not more than 3 minutes for other types
of aircraft.

C ~i~so~n

The C-5A requirement for warmup is that it not be more than 3 minutes
since it is not a MIL-F-8785 Class IV aircraft. From the CEI Specification
CP40002-6B the C-5A complies with this requirement.

Discusaion

This requirement is applicable to the C-5A and is valid for future trans-
port aircraft. The requirement is complete, practically demonstrable, and
has appropriate stringency.

ReccfsnendatioD

Accept "as is."
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Requirement

3.1.3.3.2 Disengagement. Provisions shall be made for positive inflight
disengagement of flight phase essential and nocoritical electrical controls
under all load conditions* No out-of-trim condition shall exist at dis-
engagement which cannot be easily controlled by the pilot. The pilot shall
be informed of automatic disengagement. Disengagement circuitry shall be
designed such that a failure of the circuitry itself does not prevent auto-
matic or manual disongagement.

Comparison

On the C-5A disengagement is positive under any and all load conditions.
"Provisions have been made for fail-safe in-flight disengagement and reengage-
ment of the AFCS. An automatic disengagement is signaled to the pilots through
appropriate arcuncIator panels. The systems are designed such that an auto-
matic disengagement or power failure leaves the affected system in its safest
condition. A failure in the engage/disengage circuitry causes automatic
disengagement.

Discussion

The C-5A at least partially complies with the above requirement. Total com-
pliance may be difficult to ascertain due to the vagueness of the sentence
referring to out-of-trim conditions being "easily controlled." This same
sentence is worded so that the case of being in an "out-of-trim condition"
prior to disengagement is not considered. The requirement is applicable to
transport aircraft.

Recommendation

Retain the requirement as stated.

Additional Data

Lockheed has interpreted the seccnd sentence as follows. "Following disengage-
ment, no out-of-trim condition shall result which cannot be controlled by the
pilot without exceeding the control forces as defined in Paragraph 3.5.6.2 of
mL-F-8785B."
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3.1.5.3.3 T'.. Cc-1-'-tibility. Mode compatibility logic shall provide
flexibility of ICS operation and ease of mode selection. The mode selec-
tion logic shall:

a. tike correct mode selection by the crew highly probable.

b. Prevent the cngagement of incompatible modes that could create an

immediate undesirable situation or hazard.

c. Disconnect appropriate previously engaged modes upon selection of higher
priority modej.

d. Provide arming of appropriate modes while certain modes a e engaged.

e. Provide for the engagement of a more basic FCS mode in the event of a
failure of a higher priority mode.

Cc'rnarijon

The C-5A aircraft is equipped with interlocks ard aiode compatibility logic
designed to provide safe and efficient FCS operation. Correct mode selec-

tion is encouraged as legend lights are illuminated only as modes become
available. The interlock logic prevents the simultaneous engagement of
incompatible modes. Engagement of basic or prelimindry modes arms advanced
modes providing the pilots with choices for further selection. As the higher

priority modes are engaged the lower priority ones are automatically over-
ridden. However, when the high priority modes are disengaged, the lower
priority modes are available.

Discussion

The C-5A complies with the requirements of this paragraph. The paragraph
is clearly applicable to transport aircraft. Compliance with the require-
ments i6 easily discernible.

The stringency is appropriate and no changes are seen as necessary to the
paragraph.

Rcýco=-cndation

Accept "as is."
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RecLuirement

3.1.3.3.4 Failure Transients. Aircraft motions following sudden flight
control system or component failures shall be such that dangerous conditions
can be avoided by pilot corrective action. Time delays between the failure
and initiation of pilot corrective action shall be as established by MIL-F-
8785. Transients due to failures resulting in FCS Operational States I or
II within a redundant FCS shall not exceed +0.5g incremental normal or
lateral acceleration at the center-of-gravity of +10 deg/sec roll rate.
Transients due to failures within the FV.C resulting in FCS Operational State
Ill shall not exceed 75 percent of limit load factor or 1.5g's from the
initial value, whichever is less, at the most severe flight condition.

Comparison

The C-5A flight control systems were designed so that the aircraft limit
load factor was not exceeded due to a malfunction. In the case of redundant
systems (such as the augmentation systems, the aiitopilot autoland mode and
the mechanical flight controls) the effect of malfunctions had negligible
effect on the aircraft load factor or flight path.

The autopilot malfunction tests verified that using reasonable rMsponse
times the transient produced did not exceed 88% of the aircraft limit load
factor. The response times used were identical to those defined in FAA
.Advisory Circular 25.1329-1A. Hardovers in the pitch axis produced incre-
mental flight load factors of 0.55g down and 0.67g up. In the lateral axis
the maximum roll angle reac.ed during the flaps up autopilot malfunction
was 25 degrees and increased to approximately 37 degrees during recovery.
This bank angle was well below the C-5A limit of 47 degrees and is also
within the +10 deg/sec roll rate limit of this requirement. During flaps
down testing the maximum bank angle reached, due to the malfunction and 7
recovery, was 35 degrees. This was below the C-5A limit of 45 degrees ana
also meets the ±10 deg/sec roll rate limit during the transient of this
requirement.

The C-5A meets the intent of this requirement.

Discussion

The requirement that the time delays between failure recognition and initia-
tion of pilot corrective action shall be as established by MIL-F-8785 leaves
the requirement open. Paragraph 3.4.9 of MIL-F-8785 does not give the time
delays, but only defines what should be ;:-3idered when determining the time
delays. Since the significant time delays in question are pilot reaction
times after recognition of the failure, this time should be addressed in
this MIL-P-9490D requirement. The pilot's reaction time can be approached
differently by different contractors. Pilot reaction times vary; therefore,
"industry-accepted FAA pilot reaction times can be used to eliminate confusion
and to assure safety at least on transport type aircraft. The FAA has defined
this time delay in Advisory Circular 25.1329-1A. These FAA time delays are

7 - 0 .



widely used in the aircraft industry to evaluate the effects on aircraft
from malfunction transients and recovery therefrom.

It is recomended that the pilot reaction time contained in AC 25.1329-lA
be included in this requirement.

This requiremeat also addresses redundant systems and failures in systems
whtich render the aircraft in operational State III. The case of a failure
in a nonredundant system which leaves the aircraft in operational State I
or II after the failure is not covered in this requirement. Since the
transient effects of any system failure on the aircraft is independent of
of the operational state of the aircraft after the failure, this requirement
should only address the transient failvre effects of nonredundant and redun-

dant systems as to their effect on the safety of the aircraft. The Operational
state of the aircraft after the failure dictates the original design require-
ment for redundancy.

The requiremert to "not exceed 75 percent of limit load factor or I .5g's
from the initial value, whichever is less" is restrictive. Since this
specification is a general specification to cover all aircraft, this require-
ment does not allow the designer the necessary leeway to design to mission,

safety and performance requirements.* If the effects of transients and
recovery therefrom are restricted to not exceeding the limit load factor
and shall not cause a dangerous condition then the design is safe. Any
further restriction saould be contained in the RFP and/or the individual
flight control specification.

MIL-P-8785 covers the transient effects of failures in an augmentation sys-
tem. Since this specification and MIL-F-8785 will probaLLy be required to
be met, it is recoi ended that in the case of augmLntation failures, the
requirement of MIL-P-8785 be met.

Recommendation

Revise the requirement as follow as

"3.1.3.3.4 Failure Transients. Aircraft motion following sudden
flight control system or component failures shall be such that dan-
gerous conditions can be avoided by pilot corrective action. For
evaluation of this requirement during climb, cruise, and dcscent
flight regimes, corrective action should not be initiated until three
seconds after the pilot has become aware, either through the behavior
of the aircraft or failure warning system, that a malfunction has
occurred. During maneuvering, approach and landing flight regimes,
corrective action should not be initiated until one second after the

pilot recognizes that a malfunction has occurred. The malfunction
and the subsequent action and airplane recovery should not create

S100



loads in excess of the aircraft design limit loads. For redun-
dant systems the transient effects of the malfunction and subsequent
correctivw action shall nnt exceed +0.5g incremental normal or lateral
acceleration at the center-of-gravity or +10 deg/sec roll rate. Tran-
sients caused by failures in augmentation devices shall meet the failure
transients requirements of Specification MIL-F-8785."

Requirement

3.1.3.4 System Arrangement. Systems shall be arranged as required to satisfy
the reliability, invulnerability, failure immunity and other general require-
ments of this specification.

Comparison

The C-5A FCS arrangement evolved from all the system requirements defined in
the Contract End Item (CEI) specifications of CP40002. There were many require-
ments and considerations relevant to the FICS arrangement. Refer to the valida-
tion discussions for the following referenced paragraphs for the "in depth"
objectives. The related paragraphs under 3.1.3 pertain to the general FCS
design that specifies "the system shall be simple, direct and foolproof as
possible consistent with the overall system requirements." Incl'tded were
considerations for redundancy, failure immunity, safety, system operation
and interface. Other requirements were 3.2.3.1.2 "Separation, Protectioa and
Clearance," 3.2.3.1.1 "Routing," 3.2.3.1.3 "Fouling Prevention," 3.1.9 "Invul-
nerability," 3.1.6 "Reliability," and 3.1.7 "Quantitative Flight Safety."

Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design
and can be demonstrated. This requirement should be specified for all future
transport type aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.1.3.5 Trim Controls. Each of the principal control axes shall have trim
controls. Wherever worse than Oper"tional State III would result from a
power-operated trim control failure that is not extremely remote, the pilot
shall be given override capability for the failed control. For series trim
control, no worse than Operational State III shall result from a trim control
becoming inoperative in any position, except for extremely remote failures.
Engagement of the AFCS shall automatically initiate any needed pitch trim.
Aircraft subject to short alerts shall have the capability incorporated to
return all trim to the takeoff position automatically. Any automatically
controlled trim shall incorporate positive means to avoid potentially
hazardous adverse trim near stall. In multicrew aircraft with electrical
trim systems, interlocks _n the circuitry shall prevent simultaneous commands
by two airerew members from causing any operation in opposing directions at
the same time.

Comparison

The C-5A is provided with trim in the three principal axes to reduce pilot
control forces during prolonged flight conditions.

These trim controls were designed to meet the requirements of CP40002-6B,
Performance/Design and Product Confirmation Requirements for the C-5A Air
Vehicle Flight Control Subsystem. Requirements were based on Y IL-F-9490C
and other requirements defined as being necessary to provide safe, reliable
and maintainable systems meetirg operational requirements in the most effec-
tive manner. This specification defined normal and emergency trim system
general requirements such as irreversibility under loading and vibratory
conditions, trim authority and authority limit adjustments, trim authority
with respect to primary control authority, trim rate limits and trim position
indication requirements. More detailed definitions of requiremunts were pro-
vided for the longitudinal trim system in areas such as manual and automatic
and normal and emergency input command provisions, authority limits, require-
ments for independent power sources, electrical circuit interlocks to prevent
attempts to trim in both directions simultaneously and position indication.
The following paragraphs contain discussions of each C-5A trim system con-
figuration and capability.

Aileron Trim - Ref. Figure 1 (3.1.3.5)-- An electro-mechanical trim actuator
is located in the input linkage of each aileron control servo ab s'bly such
that it is in series with the pilot input system. Trimming is accomplished
with the aileron trim knob on the center console. Operation of the aileron
trim knob provides an electrical signal to each trim actuator. The aileron
trim actuator in turn gives a mechanical input to the aileron control servo
assembly, thus providing the desired aileron deflection to maintain wings
level flight and allow the pilot's and Qopilot's control wheel to center.
Each aileron trim actuator may be energized separately by operating a switch
located to the side of the ail- on trim knob. This will provide roll trim
in the event one trim actuator is inoperable. The normal aileron trim range
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is +10* at a rate of 1/2 degree p~or second per actuator cr a total effective
roll trim rate of 1 degree per Eacond. A crim indicator with dual po±nters,
located in the flight station area, indicates the position of each aileron
panel relative to the faired position.

Rudder Trim - Rudder trim is provided by an electromechalcal trim actuator
attched to the lower rudder inp-at quadrant. The trim actuator for normal
operations provides a parallel input to the rudder system. The actuator
repositions the natural point of the preloaded centering spring after the
rudder pedals have been displaced to a rieeired trim position. Trim actuator
operation is controlled by two rudder trim control switches located on the
copilot's side of the center console. The switches are three position (nose
left, off, nose right) toggle switches and are spring loaded to the OFF posi-
tion. Simultaneous operation of the switches is required to provide power
and ground signals to the trim actuaojr. The upper and lower rudder surfaces
are trimmed simultaneously as if the input were due to pedal deflectiop. The
trim actuator provides +11 degrees trim authority at a rate of one degree ,er
second and trim position is displayed on an indicator located on the center
instrument panul.

Emergency Rudder Trim Control - Emergency rudder control provides the pilot
with +10 degrees of upper and lower rudder authority. A vYd AUG MAN TRIM
control knob is provided on the Flight Augmentation panel to permit control
of the rudders through the Yaw Augmentation (Y/A) subsystem in the event of
a Jam in the single rudder cable system. A guarded switch to the right of
the control knmob must be moved from the OFF position to the ON position before
the emergency mode becom.s operational. Signals are not applied to the Y/A
subsyjtem if the control kmob is offset from its neutral position when the
guarded switch is thrown to ON. Electrical interlocks are provided which
require that che control knob must be returned to neutral position before
the signals aro switched in. The signals from this control are triple
redundant; a failure in one channel will not degrade the system performance.

Horizontal Stabilizer Trim Control System - The pitch trim system includes
the horizontal stabilizer actuator and an actuator input system. A high
degree of safety and reliability is provided since two signals are required
from the input system before the actuator can operate. Figure 2 (3.1.3.5)
is a simplified diagram of the entire system.

-In the design of the! pitch trim system, consideration has been given to
possible malfunctions and their effec' on the controllability of the aircraft.
The most dangerous condition is that of a runaway trim actuator. The system
has been designed to insure that no single mechanical or electrical malfunc-
tion will cause a runaway actub.tor. However, in the event of a runaway trim
actuator, trim disconnect switches are provided as shown in Figure 1 (3.1.3.5)
(and discussed in the following text) to immediately disengage power and stop
the actuator.
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it is also necessary to insure that no single probable malfunction Will
result in an inability to trim. The trim system is provided with three
separate trim input systems and two separate hydraulic drive systems to
assure continued trim capability after any single failure in in input system.

Since there are some single improbable failures in the actuator that could
cause an inability to Trim and since the actuator is a primary structural
member, the main objective in design of the actuator is a positive margin
of safety for any loading condition plus a dual load path for the main
structural members.* The structural integrity of the actuator was further
assured through endurance testing of the unit.

1"rirn about the pitch axis is accomplished by movement of the horizontal
stabilizer and is independent of the primary pitch control system (elevators).
The pitch trim actuating system consists of the following:

One pitch trim actuator.

Two pilot or copilot operated electrical cormmand systems.

One pilot or copilot operated manual command system.

One autopilot commnand system.

Pour horizontal stabilizer position limit switches.

Two separate hydraulic system inputs.

One horizontal stabilizer position indicator system.

The pitch trim actuator is a dual load path. and fail safe actuation concept.
Primary design features include minimum end play, irreversibility of the
actuator, dual structural load path, dual hydraulic drives (nut and screw)
and triple actuation systems. The screw drive unit is conmmanded by either of
two modes:

Alternate mode - The pilot or copilot can operate the pitch trim
system in this mod2 by depressing two switches simultaneouslyo
.he center console in the d~sired direction to send an electrical
signal to the screw drive hydraulic manifold shut-off valve and
directional control valve.

Autopilot mode - In this mode of operation, the autopilot will send
commands to the screw drive hydraulic manifold to operate the trim
actuator,
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In either of the above modes of operation, the screw will continue to drive
until the command signal is stopped or until the horizontal stabilizer oper-
ates a limit switch. The limit switch interrupts the command signal and
no further trim is possible in that selected direction through the screw
drive mechanism.

The nut drive unit is commanded by either of two modes:

Normal mode - Either pilot can operate the pitch trim system by
operating dual switches on the outboard grip of either control wheel.
This operation completes the circuit to send an electrical signal to
the nut drive hydraulic manifold shut-off valve and directional con-
trol valve. The nut will continue to drive until the switches are
released or until the horizontal stabilizer operates a limit switch.

Manual mode - Either pilot can operate the pitch trim system by
moving a lever on either i'de of the center console and by depressing
the trigger switch to send an electrical signal to the nut drive
hydraulic manifold shut-off valve which ports fluid to the directional
control valve. Moving the lever forward or aft moves the directional
control valve to port fluid to the nut drive motor to provide trim in
the selected direction. The nut will continue to drive until either
the trigger switch is released, the trim handle is brought back to
neutral or the actuator reaches the mechanical stops. However, if the
aircraft is approaching a stall as evidenced by angle of attack, the
Stallimiter circuit will prevent further nose up trim through any
mode of pitch trim control. Operating the manual lever switch also
sends a 28 VDC signal to the autopilot which disconnects the units
while the manual trim system is operating. 'The manual system can trim
the horizontal stabilizer beyond the limit switches until the mechanical
stops are reached if the aircraft is airborne. If the aircraft is on
the ground the signal to the hydraulic shutoff valve is routed throurh
the 12* stabilizer down and the 1.500 stabilizer up, limit switches
thereby limiting the stabilizer travel on the ground.

Two horizontal stabilizer limit switches mounted on the vertical
stabilizer control the trim limits in the stabilizer leading edge up
direction as a function of flap position and the aerial refueling
door being open or closed. Two other limit switches control the trim
limits in the stabilizer leading edge down direction as a functior ol
flap position only. The limit switches do not affect the manual trim
mode.

Aiutopilot Trim Control System - The autopilot trim mode is operated by auto-
pilot trim commands and uses the same relays as the alternate trim mode. [ThC
autopilot trim mode is provided te relieve the autopilot primar7 pitch nircuit
(elevators) from having to put in a continuous pitch signd to ti-fI, t;
aircraft.
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Pitch Trim Disc.-nect Circuit - Located on the inboard grip of the pilot
and copilot control wheels is a pitch trim disconnect switch which dis-
connects the 28 VDC power source from all trim control system modes, except
the manual mode. These trim modes will remain disconnected until a reset
switch, located ibove the alternate trim mode switch, is operated.

The react switch has three ;'sitions. The center position is neutral. The
up position operates the relay connecting the normal trim system. The down
position operates the relay connecting the alternate and autopilot systems.
Comparison of the C-5A pitch trim system with MIL-F-9490D shows that where
it complies with the requir,_;nents that the following specific conditions are
met:

1. The .utopilot trim mode will provide inputs to the pitnh trim
actuator when the autopilot is "on."

2. The Stallimiter System will interrupt the nose up trim system
when the aircraft approaches a stall and avoid adverse trim.
There would be no hazardous condition since the C-5A elevator
is capable of providing a maneuxrer load factor of 1.5 against
the most adverse aircraft nose down stabilizer trim position at
the design dive speed.

3. There is a relay in the trim circuit that disconnects when oppo-
site direction inputs for trim is called for to prevent dual
signals calling for opposite direction trim.

4. One failure in the trim system will not reduce trim capability
but may change the procedure for trimming so that the pitch trim
system is no worse than Operational State II.

Comparison of the aileron trim system with the MIL-F-9490D requirements
shows compliance with the intent since after the failure of one actuator
there is adequate control available from the actuator in the opposite wing
to counteract the resulting rolling moment to maintain control no worse than
Operational State III.

Comparison of the rudder trim system with the MIL-P0941 OD requirements shows
compliance with the intent since after a failure in the normal trim system,
the emergency trim control has sufficient authority to provide yaw trim so
that the only new pilot action required is a change in his trim procedure.
This is no worse than Operational State II.

Discussion

The requirements contained in paragraph 3.1.3.5 are directed at operational
capability and are important insofar as they go in relating to the problems

f/ associated with trim systems design. However, comparing the C-5A requirements
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to these requirements reveals areas not covered in the current miL-F-9490D
requirement idiich are most important considerations in the design of trim
systems (particularly for longitudinal trim of large transport aircraft)
such as:

Redundancy of structural load paths

Redundancy of power sources

Irreversibility under loading and vibratory conditions

Lockheed concludes that the stated requirement is valid, is met by the C-5A,
can be practically demonstrated, but it is not complete enough to assure
the dpaired end results.

Recommendati ons

Revise the requirement as follows:

The trim system shall be designed with a normal trim range not in excess of
the absolute total requirements for the air vehicle. The primary control
system shall have sufficient power to control and land the air vehicle with
the trim system positioned for the most adverse trim requirement encountered
during the normal cruise flight envelope and mission requirements. Trim
authority greater than th.. primary control system capability, for a given
configuration, shall be avoidt-d -where mission requirements permit.

Trim actuators shall be irreversible so that loads or vibratory conditions
will not alter trim settings and shall maintain a given setting until changed
by intentional commands.* Electrical trim limit switches may be incorporated
to permit adequate adjustment of the normal trim travel.

The trim actuator irreversible mechanism shall be located and designed to
minimize free play and maintain rigidity in the control. Where a failure
of a power-operated trim control system would result in marginal or unsafe
control characteristics, other control capability such as a completely
separate emergency trim system, and means to override the failed system,
shall be provided to the pilots. In determining an acceptable trim rate
to meet the manual flight requirements, the following shall be considered
in addition to the req'jirements stated herein:

&. The trim system rates shall meet the flying qualities requirements
of ?41-F-8785(B).
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b. The maximum trim rate for Class I, II and ITI aircraft should
be no greater than that which creates a maneuver to give limit
airframe load during aircraft recovery from a trim runaway after
a three second delay in recognition and response for corrective
action.

Trim rates should be kept as low as possible, consistent with a. and

b. above. Rates of application shall be such that preciiion of control is
obtained for landing, takeoff, and inflight conditions without creating a
hazard. When series trim is used, the system shall be designed to ensure
manual control through the pilots' controls in the event that the actuator
becomes inoperative in any position.

The longitudinal trim system shall be designed to accept pilot manual commands
from the cockpit controls and from automatic flight control subsystems and
shall have sufficient motion to meet the trim requirements. The elevator
shall be capable of providing a load factor of 1.5 against the most adverse

longitudinal trim position at the design dive speed. No single failure shall
result in a runaway of any normal or alternate trim systems. The trim input

systems shall be designed to accept necessary automatic trim signals and to

provide a maximum automatic trim rate which will not produce objectionable
transients. The automatic trim arrangement shall be such that a runaway
can be counteracted with normal control a•ction, can be arrested by manual
trim or disconnected.
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Requirement

3.1.3.6 Stability. For FCS using feedback systems, the stability as speci-
fied in 3.1.3.6.1 shall be provided. Alternatively, when approved by the
procuring activity, the stability defined by the contractor tV'ough the sen-
sitivity analyses of 3.1.3.6.2 shall be provided. Where analysis is used to
demonstrate compliance with these stability requirements, the effects of
major system nonlinearities shall be included.

3.1.3.6.1 -Stability Margins. Required gain and phase margins about nominal
are specified in Tabl. III for all aerodynamically closed loop FCS. With
these gain or phase variations included, no oscillatory instabilities shall
exist with amplitudes greater than those allowed for residual oscillations
in 3.1.3.8, and any nonoscillatory divergence of thu aircraft shall remain
within the applicable limits of MIL-F-8785 or MIL-F-83300. AFCS loops shall
be stable with these gain or phase variations included for any amplitudes
greater than those allowed for residual oscillations in 3.1.3.8. In multiple

loop systems, variations shall be made with all gain and phase values in the
feedback paths held at nominal values except for the path under investigation.
A path is defined to include thnse elements connecting a sensor to a force or
moment producer. For both aerodynamic and nonaerodyramic closed loops, at

least 6 db gain margin shall exist at zero airspeed. At the end of system
wear tests, at least 4.5 db gain margin shall exist for all loops at zero
airspeed. The margins specified by Table III shall be maintained under

flight conditions of most adverse center-of-gravity, mass distribution, and
external store coafiguration throughout the operational envelope and during
ground operations.

TABLE III

GAIN AND PHASE MARGIN REQUIREMENTS (DB, DEGREES)

VOMIN

Mode Aispeed Below To At At
Frequency Hz VOMIN VOMAX Limit Airspeed (VL) 1. !5 VL

GM = *4.5 GM = *3.0
"fM <0.06 GM = 6 DB GM =0

(No Phase PM = *30 PM = *20 PM=0
Require- (Stable

0.06 <fM <First Aero- ment GM = *6.0 GM = *4.5 at
Elastic Below Nominal
Mode V PM = *45 PM = *30 Phase and

Gain)

fM >First Aero- GM - *8.0 GM = *6.0
Elastic
Mode PM * *60 PM - 4*45
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where: VL - Limit Airspeed (MIL-A-8860).

VOMIN = Minimum Operational Airspeed (MIL-F-8785).

VOMAX = Maximum Operational Airspeed (MIL-F-8785).

Mode = A characteristic aeroelastic response of the
aircraft as described by an aeroelastic charac-
teristic root of the coupled aircraft/FCS dynamic
equation-of-motion.

GM - Gain Margin = The minimum change in loop gain, at nominal phase,
which results in an instability beyond that allowed
as a residual oscillation.

PM= Phase Margin The minimum change in phase, at nominal loop gain,
which results in an instability.

fM = Mode frequency in Hz (FCS engaged).

Nominal Phase = The contractor's best estimate or measurement of
and Gain FCS and aircraft phase and gain characteristics

available at the time of requirement verification. (2)

Comparison

C-5A FCS were analyzed using conventional definitions of phase and gain
margin, i.e., open loop analysis methods, not the definitions proposed in
Table III of Paragraph 3.1.3.6.1. Where more than one crossing of the zero
DB or -180 degree lines occurred, the minimrm phase and gain margins (most
adverse) were used to define the system stability along with information
obtained by transient response and root solution analysis methods.

Specifically, for the C-5A ALDCS System the following requirements were

established:

A. The stability margins shall be such asto preclude:

1. adverse structural mode coupling

2. significant degradation in present handling qualities

3. significant degradation of existirg flutter margins

4. adverse coupling with existing flight control systems

5. limit cyt,!e tendencies
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B. The stability margin goals were:

1. Ground teat (all modes) 6 db min. gain margin and 45 degree min.
phase margin

2. Flight modes: 6 db min., 10 db goal gain margin, 45 degree min.
phase margin

3. Flight modes - beyond control mode natural frequencies: 60 db per

decade attenuation (roll-off) and infinite phase margin

Discussion

The definitions of phase and gain margin given in Table III are ambiguous
in that these parameters are not generally considered to vary with frequency
as reported in the User's Guide. It is accepted practice to use most adverse
(minimum) margins where more than one crossing of the zero Dlb or -180 degree
lines occur on the open loop frequency responses. Relating margins with each
of the natural modes is an unwieldy procedure and the bandwidth divisions are
arbitrary and difficult to substantiate.

Recommendation

Revise the requirement as follows:

"3.1.3.6.1 Stability Margins. Required gain and phase margins about
nominal are specified in Table III for all aerodynamically closed loop
FCS. For both aerodynamic and nonaerodynamic closed loops, at least 6
db gain margin and 45* phase margin shall exist at zero airspeed. With
these gain or phase variations included, no oscillatory instabilities
shall exist with amplitudes greater than those allowed for residual
oscillations in 3.1.3.8, and any nonoscillatory divergence of the air-
craft shall remain within the applicable limits of MIL-F-8785 or MNL-F-
83300. ACS loops shall be stable with these gain or phase variations
included for any amplitudes greater than those allowed for residual
oscillations in 3.1.3.8. In multiple loop systems, variations shall be
made with all gain and phase values in the feedback paths held at nomi-
nal values except for the path under investigation. A path is defined
to Include those elements connecting a sensor to a force or moment
producer. At the end of system wear tests, at least 4.5 db gain margin
shall exist for; all loops at zero airspeed. The margins specified by
Table III shall be maintained under flight conditions of most adverse
center-of-gravity, mass distribution, and external store configuration
throughout the operational envelope and during ground operations.

Revise Table III as follows:
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TAPJ, III

GAIN AND PUAS K*MGD1 REUIRE4KWS

VOMIN

To At At

Airspeed V°MIN VoMAX Limit Airspeed (VL) 1.15 VL

Gain Margin +6 DE +.6 DB ±'4*5 B 0 IS

ase Margin _45 W _i 03*.

Where VL Limit Airspeed (miL-A-8860)

VO Minimum Operational Airspeed (MIL-F-8785)VOMIN

VOMAX = Maximum Operat 4 onal Airspeed (MIL-F-8785)

Gain Margin - The minizxm change in loop gain, at nominal phase,
which results in an instability beyond that allowed
as a residual oscillation.

Phase Margin - The minimum change in phase, at nominal loop gain,
which results in an instability.

Nomiinal Phase
and Gain - The contractor's beat estimate or measurement of

FCS and aircraft phase and gain characteristics
available at the time of requirement verification.
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Requirement

3.1.3.6.2 Sensitivity Analysis. Tolerances on feedback gain and phase shall
be established at the system level based on the anticipated range of gain and
phase errors which will exist between nominal test values or predictions and
in-service operation due to such factors as poorly defined nonlinear and higher
order dynamics, anticipated manufacturing tolerances, aging, wear, maintenance
and noncritical material failures. Gain and phase margins shall be defined,
based on these tolerances, which will assure satisfactory operation in fleet
usage. These gain and phase tolerances shall be established based on varia-
tions in system characteristics either anticipated or allowed by component
or subsystem specification. The contractor shall establish, with the approval
of the procuring agency, the range of variation to be considered based on a
selected probability of exceedance for each type of variation. The contractor
shall select the exceedance probability based on the criticality of the flight
control function being provided. The stability requirements established through
this sensitivity analysis shall not be less than 50 percent of the magnitude
and phase requirements of 3.1.3.6.1.

Comparison

On the C-5A ALDCS system, 3omponent manufacturing tolerances and calibration
limits were applied to each path from sensor to control surface to obtain
information on degradation of stability and performance. The basic stability
margins stated in the previous paragraph were required to be maintained with
these tolerances and limits applied.

Discussion

This parajraph is acceptable as is, can be demonstrated, and should be
specifird for all future transport type aircraft.

Reccmendation

Retain the requirement as stated.
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Requirement

3.1.3.7 Operation in Turbulence. In Operational State 1, while flying in
the folloing applicable random and discrete turbulence environment, the
FCS shall provide a safe level of operation and maintain mission-accomplisihnent
capability. For essential and flight phase essential controls, at least
Operational States III shall be provided in the specified flight-safety turbu-
lence levels. Noncritical controls shall provide at least Operational State
II in turbulence up to the intensities specified in 3.1.3.7.1. Noncritical
controls operating in turbulence at intensities above the specified turbulence
level, shall not degrade flight safety or mission effectiveness below the
level that would exist with the control inactive. Either manual or auto-
matic means to inactivate the control for flight in heavy turbulence may be
used, when required. The dynamic analysis or other means used to satisfy
this requirement shall include the effects of rigid body motion, significant
flexible degrees of freedom and the flight control system. Significant non-
linear effectA, shall be represented by conservative nonlinear or equivalent
1 -ear represeatations.

Comparison

The C-5A aircraft design specification, CP 40002, does not include specific
requirements which relate to flight control system operation in turbulence.
Although not subjected to tests to verify compliance with the paragraph, it
is believed that the C-5A's performance satisfies the requirements.

Discussion

The requirements for essential and flight phase essential controls are
appropriately severe. The stringency of the requirement for noncritical
controls is less as it should be. This requirement would be very difficult
to evaluate in actual flight test. Dynamic analysis would almost have to be
the means employed for compliance demonstration. Even this technique world
require a rather complex simulation to fully cover the requirement. However,
turbulence operation is critical to aircraft safety of flight, and require-
ments pertaining to it should be included in future transport design.

Recommendation

Accept the paragraph "as is."

' I1

11

I 9'



Requi rement

3.1.3.7.1 Random turbulence. The RMS turbulence intensity to be used for
normal flight and for terrain following shall have a cumulative probability
of exceedance as specified in table IV.

TABLE IV.

TURBULENCE INTENSITY EXCEEDANCE PROBABILITY

SFircraft Class MIL-F-8785 MIL-F-8785
SClass IlI Class !. If & IV

Essential 10-6 10-5

Flight Phase Essential / 10-6 /IO"5
T T

Nonritcal10-2 1 0°2

where:

T = the longest time spent in essential flight phase
segment in any mission/total flight time per mission. (3)

Table V specifies WMS vertical gust amplitude versus altitude for selected
exceedance probabilities. The relationship among vertical, lateral and longi-
tudinal RMS intensities and scales as specified in MIL-.'-8785 shall be used
to establish intensities for lateral and longitudinal gusts. The listed
turbulence intensity levels apply at the turbulence penetration airspeed VG.
At the maximum level flight airspeed, VH these intensity levels are reduced
to 38 percent of the specified levels. The mathematical forms of continuous
random turbulence to be used in conjunction with the specified inte,,sity levels
are as specified in MIL-F-8783 and the airspeeds cited are :s specified in
MIL-A-8860.
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TABLE V
"RMS GUST INTENSITIES FOR SELECTED CUMULATIVE

EXCEEDANCE PROBABILITIES, FT/SEC TAS

FLIGHT ALTITUDE PROBABILITY OF EXCEEDANCE
SEGMENT (FT- AGL) 2 x 10-1 10-1 10-2 10-3 10-4 10o5 10-6

Up To 1000

"TERRAIN (LATERAL) 4.0 5.1 8.0 10.2 12.1 14.0 23.1
FOLLOWING UP TO 1000(VERTICAL) 3.5 4.4 7.0 8.9 10.5 12.1 17.5

500 3.2 4.2 6.6 8.6 11.8 15.6 18.7

1,750 2.2 3.6 6.9 9.6 13.0 17.6 21.5

3,750 1.5 3.3 7.4 10.6 16.0 23.0 28.4

7,500 0 1.6 6.7 10.1 15.1 23.6 30.2

15,000 0 0 4.6 8.0 11.6 22.1 30.7
NORMAL ..

FLIGHT 25,000 0 0 2.7 6.6 9.7 20.0 31.0
CLIMB

CRUISE 35,000 0 0 0.4 5.0 8.1 16.0 25.2
AND

DESCENT 45,000 0 0 0 4.2 8.2 15.1 23.1

55,000 0 0 0 2.7 7.9 12.1 17.5

65,000 0 0 0 0 4.9 7.9 10.7

75,000 0 0 0 0 3.2 6.2 8.4
OVER

80,000 0 0 0 0 2.1 5.1 7.2

3.1.3.7.2 Discrete gusts. Discrete gust amplitudes to be used shall be
established using the relationship between random and discrete gust ampli-
tudes in accordance with MIL-F-8785, and the RNS amplitudes specified in
3.1.3.7.1. The 1-.osine discrete gusts in accordance with MIL-F-8785 shall
be applied with wavelengths tuned to provide maximum excitation.

1
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Ccmnarison

Since the C-5A aircraft design specification, CP-40002, does not include
FKS analysis and design requirements for turbulence operation, the C-5A was
not analyzed with respect to this requirement. Gust analyses performed
generally have been in compliance with the Dryden formulas for random and
discrete gusts as given in MIL-F-8785. The C-5A tv.:obulenee analysis, there-
fore, may or may not have complied with the requirements of these paragraphs
wahen performed.

Discussion

The requirements for a standard and consistent methodology for implementation
of random and discrete gust models are valid. Ease of evaluation and compari-
son is enhanced through consistency in the models. The references to MIL-F-
6735 also enhance the uniformity of the turbulence requirements as this puts
both military specifications in agreement on a common turbulence model. The
paragraph's stringency is justifiable as another effort to maintain unifor-
mity. Compliance with the specific requirements of the paragraphs is not
difficult to accomplish. The paragraphs are well stated and clearly appli-
cable to future transport design as they now read.

Recc=mendatioi

Accept both raragraphs as they are presently stated.
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Requ.'rement

7

3.1.3.7.3 Wind model for landing and takeoff. The following wind model form
shall be used for automatic navigation and all weather landing system design
as required by 3.1.2.9 and 3.1.2.10. This model applies for low altitude
approach and landing flight phases at conventional airports and shall not be
applied at heights greater than 500 feet above mean runway level.

3.1.3.7.3.1 Mean wind. The probability of occurrence of total mean wind and
mean crosswind components is shown on figure 2 as a function of wind speed
in knots as measured at a reference altitude of 20 feet above mean surface
level.

S• 80

"70 NOTE: DATA FOR 20 FOOT
""60•REPORTING HEIGHT"i 60-

50
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TOTAL WIND
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5.0 CROSSWIND

2.0

1.0-

0.5

S0 . 1 0
0010 20 30

WIND SPEED - (KNOTS, INDICATED)SFigure 2. Cumulative probability of report mean wind and crosswind
when landing
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4- Comparison

The hind model rs described in these paragraphs was not used to verify the
requiremente of Paragraphs 3.1.2.9 and 3.1.2.10 for the C-5A. The simula-
tion ,nalysis of the C-5A auto-land mode in approach and landing used a
variety of gust models. Most were constant crossp head or tail wind com-
ponents. For random and discrete gusts the criteria for Dryden models as
given in KUi-F--7d5 were used. Therafore, the C-5A dues no caoL " .pith
these requirements.

Discussion

The requirement is valid because it calls for a standard or uniform wind
model to be used in examining compliance with the specifications. Compliance
is easily demonstrated. The requirement for use of a consistent model is
applicable to future transport aircraft. The first sentence of 3.1.3.7.3.a
is not precisely compatible with the title of Figure 2 of the requirement.

Recommendation

Revise the first sentence of the requirement as follows:

"3.1.3.7.3.1 Mean Wind. The probability of exceeding reported mean
wind is shown in Figure 2....

\
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'leguirement

3.1.3.7.3.2 Wind Shear. Wind shear shall be included in each simulated
approach and landing unless its effect can be accounted for separately.
"The magnitude of the shear is defined by the expression

u - .46 U log10 (Z) + .4 U

where: u - mean wind at height Z feet in feet/sec (true)

U - mean wind at 20 feet in feet/sec (true)

Z = height above gound (feet) (4)

Comparison

T"he C-5A aircraft All Weather Landing System (AWLS) was analyzed using
simulation techniques. Gust disturbances in the form of wind shears were
included in these analyses. However, the method employed to determine
magnitudes is not in compliance with the paragraph's expression but is
believed to be acceptable to show compliance with mission and safety require-
"ments.

Discussion

An attempt was made to utilize this wind shear equation and it is not clear
how this equation and the curve of mean wind exceedance are used together to
determine mean wind, U. Some questions that needed to be answered are: how
is the formula used; is the mean wind u or U the same as that defined in
paragraph 3.1.3.7.3 ; if so why are the units not the same?

This area of probability of occurence and wind shear must be made comple-
/ tely clear to the user of MIL-P-9490D.

Recormendation

Perform an investigation into the proper use of the equations given and
revise this requirement to clarify the terms and to define how the equations
should be used.
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Requirement

3.1.3.7.3.3 Wind model turbulence. The longitudinal wind component (in the
direction of the mean wind) and vertical and lateral wind components shall
each be represented by a Gaussian process having a spectral density, t(fl), of:

".€(s1 = Oi 2 2Li I 2 AD

Air (I. + 0 Lj7) 1,SqEC)/ FT

where: Gi z RMS turbulence level in an axis in feet/sec

Li = Scale length in an axis, feet

= Spatial frequency in radians/ft. (5)

and the value for a and L is shown on table VI.

TABLE VI
RMS TURBULENCE LEVEL AND SCALE LENGTH BY AXIS

Vertical Lateral Longitudinal

0.I U 0.2U 0.2U

L 15 Ft for Z 30 Ft 600 Ft 600 Ft
.5 Z Ft for 30 Z 1000 1000 Ft

Comparison

During the All Weather Landing System (AWLS) simulation analysis of the
C-5A some vertical random gusts were input in the longitudinal cases.
The turbulence models employed were generated according to the Dryden
formulae as specified In MIL-P-87^ . No attempt was made to comply with
MIL-P-9490 turbulence specificati j.

Discussion

As stated, this paragraph gives a clear and concise requirement for wind
model turbulenca analysis. Compliance can be practically demonstrated. '

Stringency of the requirement is appropriate as it is intended to bring
uniformity to gust models used in simulation analyses of approaches and
landings. No change in the requirement is seen as necessary to make it
applicable to future transport aircraft.

Recommendation

Accept "as is."
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Requi remrnnt

3.1.3.8 Residual Oscillations. For normal operation and during steady flight,
FCS induced aircraft residual oscillations at all crew and passenger stations
shall not exceed 0.0 4 g's vertical or.0.02g's lateral peak to peak acceleration.
Residual oscillations in pi~ch attitude angle shall satisfy the longitudinal
maneuvering characteristic requirements of MIL-F-8785. Rosidual oscillations
in roll and yaw attitude at the pilot's station shall not exceed 0.6 degree
peak to peak for flight phases requiring precision contr.1 of attitude.

Comparison

The C-5A flight control system was designed to meet the following requirements:

" All contre. surfaces and surfaces such as flaps shall be free from
any tendenoy toward undamped oscillations apparent to the pilot
under specified flight conditions.

" Residual oscillations, induced by the AFCS, as measured in the
cockpit during steady flight shall not produce normal accelera-
tion in excess of +0.02, lateral acceleration in excess of +0.O1g,
pitch attitude amplitudes in excess of +0.1 degree, yaw attitude
amplitudes in excess of +0.1 degree and roll attitude amplitudes
in excess of ±-0.15 degrees.

During the C-5A flight testing, no residual oscillation was evidenced by the

data or perceptable to the pilot with and without the AFCS engaged.

It is felt that the C-5A meets the intent of this requirement.

Discussion

This requirement is valid for present and future aircraft. It is recommended
that the residual oscillation limits in pitch attitude angle be included in
this requirement in lieu of referencing MIL-F-8785. Paragraph 3.2.2.1.3 of

fJl,-F-8785 requires that the pitch angle residual oscillations be no greater
than ±3 mils. This is equivalent to 1.17 degree.

Heco=2ndation

Revise this requirement as follows:

"3.1.3.8 Rsid•,,al Oscillations. For normal oper:tion qnd during steady
flight, FCS induced aircraft residual oscillations at all crew und passen-
ger stations shall not exceed 0.0 4g's vertical cr 0.02g's later~l peak
to peak acceleration. Residual oscillations in ro.l and yaw attitude
shall not exceed 0.6 degree and in pitch attitude shill not exceed 0.17
degrees peak to peak at the pilot's station for fligit phases requiring
precision control of attitude.
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Requirement

3.1.3.9 System Test and Monitoring Provisions. Test and monitoring means
shall be incorporated into the essential and flight phase essential FCS as
required to meet the following requirements of this specification:

Mission Reliability 3.1.6
Flight Safety 3.1.7 to 3.1.7.1
Fault Isolation 3.1 .10.2 to 3.1.10.2.2
Failure Immunity & Safety 3.1.3.2 to 3-1.3.2.1
Survivability 3.1.8 to 3.1.8.1
Invulnerability 3.1.9 to 3.1.97

The effect of detected and undetected FCS failures taken with the probability
of occurrence of such failures shall comply with the system reliability and
safety requirements. This requirement shall include all failures, both active
aud latent, and failuris in all components of the system, including mechanical,
electrical and hydraulic components.

Comparison

The C-5A has built-in test circuitry for the following purposes:

1. Functional self-test for ground pre-flight and system maintenance
2. Approach test of comparators during all weather landing phase

The systems to which built-in test procedures are applied include:

o pitch, roll and yaw augmentation o Flight Director
o pitch, roll and yaw autopilot o Stallimiter
o pilot assist cable servos (PACS) o Go-Around System
o all weather landing system o ALDCS
o auto-throttle system o CADC

Discussion

The C-5A built-in test provisions cover some functions which were ultimately
demonstrated to be non-critical. These test provisions do, however, facilitate
maintenance and enhance mission reliability. The requirement is valid anu
e asily demonstrated.
Recommendation

Accept "as is."
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Requirement

3.1.3.9.1 Built-in Tert Equipment (BIT). The total maintenance aid tc ting,
including BIT, and in-flight monitoring where used, shall provide an inte-
grated means of fault isolation to the URU level with a confidence factor
of 90 percent or greater. BIT functions shall have multiple provisions to
ensure they cannot be engaged in flight. The test equipment shall not
have the capability of impoiing signals which exceed operating limits on
any part of the system or which reduces its endurance capability or fatigue
life. Ground test signals shall not be of sufficient magnitude to drive
actuators into hard-stop limits.

Comparison

The C-5a flight controls self-test capability include3 an interface with
the MADARS (dalfunction and Detection Analysis and Recording System) to
provide rapid ground and in-flight isolation of malfunctions to the [RU
level.

Discussion

It is felt that the fault isolation requirement in this paragraph rightly
belongs in Paragraph 3.1.10.2, since this paragraph is referenced in
3.1.3.9. Further, the term "confidence level" is not considered as defini-
tive as "probability of detection" in current usage. It is recommended that

the first sentence in this paragraph be deleted and that Faragraph 5.1 • .•
be modified to require a "90% probability for detecting failures" as i, .±-

cated in the comnents on that paragraph.

Recormnendations

A. Revise this requirement as follows:

3.1.3.9.1 Built-in Test Equipment (BIT). BIT functions intended for
ground check out only shall have multiple provisions to ensure they
cannot be engaged in flight. The test equipment shall not have the
capability of imposing signals which exceed operating limits on any
part of the system or which reduces its endurance capability or fati-
gue life. Ground test signals shall not be of sufficient magnitude
to drive actuators into hard-stop limits.

B. Revise requirement 3.1.10.2 per recommendation.
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Requirement

3.1.3.9.1.1 Preflight or Pre-Engage BIT. Preflight or pre-en~ige BIT may be
automatic or pilot-initiated and includes any test sequence normally conducted
prior to take-off or prior to engagement of a control to provide assurance of
subsequent system safety and operability. It should be demonstrated that redun-
dant MFCS electronic channels are operating normally without any safety-critical
latent failures prior to take-off. This includes all backup or normally dis-
engaged channels and fault monitoring and failure isolation elements. The pre-
flight tests shall not rely on special ground test equipment for their successful
completion. Any test sequence which could aisturb the normal activity of the
aircraft in a given mode shall be inhibited when that mode is engaged.

Comparison

The C-5A was designed with BIT as one of the main objectives. All the APUS
contain BIT and do not rely on any special ground test equipment. At no time
during any of the BIT is the normal activity of the aircraft disturbed. All
the computers contain the capability of testing the system on the face of the
computer. For a few systems, additional test switches are located in the
cockpit so that the BIT can be initiated by the pilot. The C-5A does contain
one automatic pre-engage BIT which is engaged during the automatic landing
mode. When the auto-land mode is engaged, automatic test of the autopilot
cir.uitry to be used is performed after glideslope engagement. The following
chwt lists the systems that contain BIT and which have the capability of
test initiation in the cockpit.

Initiation Location

System On Computer In Cockpit

Stallimeter Yes Yes
uSA Yes Yes

ALDCS Yes No
Autopilot Yes No
Auto Throttle Yes No
Flight Director Yes Yes
Go-Around Yes No
CADC Yes Yes

Discussion

The main points covered in this paragraph are automatic or pilot-initiated
tests allowed, special ground equipment requirements, safety and operability
assurance, testing of redundant MPS electronic channels, and disturbance
of normal in-flight system operation by test equipment. These requirements
are adequately covered by the present phraseology.

Recommendatior

Retain the requirement as stated.
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Requi rement

3.1.J.9.1,2 Maintenance BIT. vhere required, BIT shall also be provided
as a postflight maintenance aid for the FCS. BIT shall be designed to avoid
duplicating test features included as part of the preflight test or monitor-
ing functions.

Comparison

The C-5A has BIT for functional post-flight and maintenance testing for

all automatic flight control modes.

Discussion

The wording of this paragraph is considered a little vague in regard to
what is required when the procurement document calls for maintenance BIT.

Recommendation

Delete the ..ast sentence and substitute the following:

"Insofar as practical, the BIT used for pre-flight and pre-engage
testing should be utilized for post-flight maintenance purposes.
The praspective contractor should specify any additional BIT required
for maintenance, along with its impact on cost, weight, maintainability
and reliability."

1
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Requirement

"3.1 .3.9.2 Inflight Monitoring. Continuous monitoring of equipment perform-
,. ance and critical flight conditions shall be active, as a minimum, during

essential or flight phase essential modes of operation. False monitoring
warnings, including the automatic or normal pilot response thereto, shall
riot constitude a specific hazard in exceds of the system reliability require-
•ments.

Comparison

All C-5A FCS have been designed so that the affect of any single failure
is not critical. In each of the hydraulic actuator and/or motors the hydrau-
lic power supply is monitored and if any hydraulic supply is lost the Master
Caution light !is illuminated, The annurciator lights located between the
pilot and cepilot will illuminate indicating which function is affected.
The overhead panel will indicate what part of the function that has sustained
the failure. The rest of the mechanical system is monitored by pilot opera-
tion, observation of surface defective indicators and by control and aircraft

response. The C-5A AFCS sends siCnals to the W.DAR system for annunciation
and recording of failured that occur.

Discussion

This requirement as stated could be interpreted to reruiire automatic monitoring
to be added to mechanical flight controls even though such monitoring is not
necessary either for maintenance or for. performance requirements. In addition,
the extent that automatic inflight monitoring is used for malfunction detection
and isolation should be determined by the complexity of the systems requir-ed
to perform the mission requiLrements. This requirement should specify the need
for inflight monitoring, but should not dictate that it must be ýupplied for
all the FCS.

Recommendation

Revise the requirement as follows:

"-.1 .3.9.2 Inflight Monitoring. Continuous inflight monitoring of
essential or flight phase esser al electronic equipment performance
shall be active, as a minimum, during critical flight conditions.
Continuous inflight monitoring of essential or flight phase essential
pilot operated controls shall be active as a minimum on equipment for
vwhich failure cannot be determined by observation or normal operation
of the control. False monitoring warnings, including the automatic

. or normal pilot response thereto, shall not constitute a specific
nazard."

/
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Requirement

3.1.4 MFCS Designi. The following general requirements apply. "Iferences
to mechanical or electrical MFCS apply only when the mechanization is usel:

a. Augmentation. When used, augmentation systems shall be compatible with
all control modes and airframe dynamic considerations. Single failures
in a gain scheduling system, not classed as extremely remote, shall not
degrade augmentation system performance below Operational State II.
Pilot-operatcd gain changing devices shall only be used as emergency
backup equipment. Specific t pproval shall be obtained from the procuring
activity for this feature. Positive mechanical or electrical stops
shall be provided in gain schedulers to preclude exceeding limiting
gain values.

b. Ratio Changing Mechanisms. Vaere ratio changing mechanisms are used,
monitors and emergency positioning means shall be provided if improper
positioning can result in a safety of flight hazard.

c. Control Centering, Breakout Forces and Free Play. The corresponding
design requirements of IL-F-8785 or MIL-F-83300 shall be met. Selected
sensitivity and breakout forces shall not lead to overcontrol tendencies.

d. Reversion. If a backup mode is provided for a flight control system, at
least FC3 Operational State III shall be provided following reversion.
'hile disengaged, interaction of backup mode provisions with the normal
mode shall not degrade operation below State I. If a single FCS power
"system is used in an essential or flight phase essential fully powered
system, emergency mechanical reversion or at. emergency power source shall
be provided. On single-engine aircraft, the emirgency power source shall
be independent of engine operation. It shall be possible to re-engage the
normal power source in flight following oper&tion with manual reversion
controls or emergeLcy power. Manual or automatic changeover to or from
emergency provisions shall not result in capability worse than FCS
Operational 2tate III.

e. Controller Kinematics. Kinematics shall preclude hazardous unintentional
inputs (crosstalk) into one or more axe;" -ith normal control motions within
the limits of ultimate structural load ft. or, design maneuver and turbu-
lence induced accelerations experienced at the crew station.

f. Feedback to Crew Station Controls. The control device motion and force
required to accomplish stability and control augnentation shall not be
evident at the crew station controls. Vibratory forces or motion acting
upon elements downstream of the controller shall not be evident at the
crew station controls. Force and motion feedback to crew station controls
snall be considered as not evident if the force magnitude is less t.aan half
the lowest breakout force of the applicable control.
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Comparison

a. Auomentation. 3tability Augmentation Systems (SAS) operational through-
out the C-5. maneuvering envelope are empl..yed in the three primary
flight control axes. They aro triple red'midant; i.e., fail operational,
fail safe systems, AS seen in Table 1(1.2.3), no single failure in any axis
of the SAS results in SAS performance below Operational State II. The
Yaw and Lateral functions of stability augmentation are contained within
the same conputer but ec.ch axis may be operated individually. Packaging
within the zame box eliminates duplication of rate signal source and th1E
functions performed are interrelated to the extent that performance of
either is impr-ved when sirnrltaneous operation is effected. The Yaw
Pfnctions include yaw damping, dutch roll damping and tumn coordinatiun.
The Lateral (roll) functions include spiral divergence control and roll
dimping when the autopilot is engaged. The 'oll/yaw autopilot requires
a functioning W/A subsystem, for engagement. The pitch augnentation sub-
system provides short period pitch damping which is required for A/P
operation. Appropriate interlocks are p:'ov..ded to prevent autopilot pitch
axis engagement without a functioning pitch augmentation subsystem. The
systemn may be engaged dur'ng manual flight without noticeable effect on
-andling qualities.

Discussion

The C-5A jA3 does not contain any pilot operated gain changing devices. SAS
are sufficiently monitored and limited to insure that gain value lialts and
airplane design load factors are not exceeded and that a system malfunction
or combination of probable malfunctions does not cause a catastrophic failure.
Necessary controls and displays are provided to the pilots for ground check-
out and in flight operations. The requirement is valid; its stringency is
justified; it is met by the C-5A and it is practically demonstrablr.

Recommendation

Accept as is.

Cormn- iion

b. Ratio Changing Mechanisms. The Ailpron-Spoiler Mixer Assembly is a ratio
changing mechanism with functions as follows:

1. Change the relationship between flight spoiler deflection with
control wheel deflection as a function of flap position.

2. Up rig the flight spoilers 3* when the flaps exten-i beyond approach.
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3. During a roll maneuver with the flight spoilers up rigged 30, the
mix box will allow the flight spoilers on the up going wing to go
down 30 to the faired position with 200 of control wheel rotation.
After the flight spoilers have reached the faired position, a dwel-
ling motion will occur to allow additional down aileron co-mands
without affecting the aileron feel forces.

4. Allow the ground spoiler cable system to deploy the flight spoilers
without affecting aileron panel position.

5. Allow the use of the ailerons and flight spoilers for roll control
without affecting the grourd spoiler panel position after ground
spoiler deployment.

Discussion

In the failure analysis in Report LGIUS42-2-1, Volume V, the worst failure
in the mix box results in a system jam in one wing. After shearing pins in
the links between the L.H. and R.H. systems, the remaining system will provide
adequate roll control (See Roll Control System Figure II1-. If the aileron or
roll control spoilers are deflected to a large angle when the jam occurs, it
may be desirable to shut off hydrai lic pressure to these units thereby increasing
the possibility of the surfaces floating to a more favorable position. The
pilots will know which wing is jammed after shear out because the pilots con-
trol will be operable if rigl't wing controls are inoperable and the copilots
control will be operable if the left wing controls are inoperable. The C-5A
meets this requirement which is valid and can be practically demonstrated.

Recommendation

Retain the requirement as stated.

Comparison

c. Control Centering, Breakout and Free Pla. The following compares the
C-5A data with the MIL-F-8785 requirement, Paragraph 3.5.2.1 and 3.5.2.2

Measured MIL-F-8785
C-5A Class III

Lb, Max, Lb,

Elevator Push 5 7
Pull 6 7

Aileron 6 6
Rudder 10-13 14
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The free play of the C-5A control systems is held to a minimu= by
use of cable tension regulators, minimum number of pin Joints and
close tolerances pin joints.

Discussion

The breakout forces of the C-5A are wi thin the requirements and include a
centering spring force that is greater than system friction to ensure posi-
tive system centering. The free play is small and does not result in
objectionable surface dead band characteristics or overcontrol tendencies.
The C-5A meets this requirement which is reasonable and compliance can be

shown easily.

Recommendation

Accept as is.

Comparison

d. Reversion. Each C-5A Control System has two or more hydraulic systems
to supply power. If a hydraulic system is lost, the remaining system(s)
supply power (See Figure 11-2 for hydraulic power distribution). Each
primary servo control manifold is equipped with shut-off valves so that
each hydraulic system may be shut "off" and "on" without affecting the
remaining system(s). The switches are located on the Overhead Panel
in the Flight Station.

Discussion

There is no immediate pilot action to be taken when a hydraulic syrstem is
lost since all systems operate full time and each hydraulic system provides
a part of the total power. The loss of one hydraulic system does not result
in capability worse than Operational State II. Pilot selection of by-pass
for the lost hydraulic system may be accomplished as a low priority task.
The C-5A meets the requirement.

Recommendation

Retain the requirement as stated.

Comparison

e. Controller Kinematics. The C-5A control system routing, system separa-
tion and structural rigidity prevent unintentional inputs (crosstalk)
between systems. Intentional cross coupling is provided between the
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primary control axes through SAS. For instance, elevator inputs are
required to offset pitching moments produced by symmnetrical deployment
of ailerons in response to gust and maneuver load alleviation commnands
from the Active Lift Distribution Control System (.ALDCS).

Discussion

The C-5A meets the requirement.

Recommendati on

Accept as is.

Comparison

f. Feedback to Crew Controls. The C-5A Stability Augmentation System is
mechanized by using a concentric sleeve type valve. The pilot input
opens the valve by moving the valve spool.* Control surface movements
are proportional to movements of the pilots' controllers. Stability
Augmentation inputs move the control valve sleeve.* Stability augmenting
control surface movements are independent of pilots' controller movements --
except as constrained by surface stops.

Figure 1 (31.4~) depicts a control servo hydraulic schematic which is
representative of C-5A primary control servos.

Discussion

The force from stability augmentation commnands fed back into the pilots'
input system is equal to control valve friction. This feedback is a minute
fractional part of the system breakout force.* The C-5A meets this require-
ment.

Recommendation

Accept as is.



fill

INLCRONhSRV AV

VEN TANDEM MANCONTEROLNALV

SECPRIMARY ACTUATOR AS

FIGURE~~~ ~~~ LOA (31.i.HDALCSH4TfIOR LIMITINR RERVO VLV
13 GUT LOC CHEC VALV

MOTCROPERAED SHT-OF
FEDBC BYPS VAV



Requirement

3.1.4.1 Mechanical MKFS Design. In the design of mechanical compone;nts,
the reliability, strength and simplicity of the system shall be paramount
considerations. The signal transmission between the pilut's controls and
the control surfaces shall be redundant to the extent required to meet
reliability, failure inmmuity, invulnerability and other requirements of
this specification.

Comparison

The mechanical elements of the C-5A FCS were designed to achieve the
objectives outlined in the validation discussions for Paragraphs 3.1.6
"Mission Accomplishment Reliability," 3.1.11 "Structural Integrity (Load
Capability, Strength, Stiffness, and Durability)," and the requirements
of 3.1.3 "General FCS Design" to achieve simplicity and operation as fool-
proof as possible.

The mechanical FCS achieved a level of redundancy, between the pilots
controls and the control surface actuation, to meet the requirement for
3.1.3.2 failure immunity and safety- where a single failure or failure
combination would not cause FC3 or aircraft degradation below the require-
ments specified therein. The MFCS met the 3.1.6 reliability requirement

for preclusion of the probability of mission failure based on FCS failure,
including power supplies and also met the 3.1.9 invulnerability require-
ment which limited the degradation of the FCS due to induced environment,
other system failure, crew error or enemy action. The redundancy require-
ment of 3.1.3.1 provided a MFCS which would permit continued operation
after any single malfunction and redundant design wherever a failure could
involve safety of flight. Figures No. 1, 2, and 3 (3.2.3.1.1) depict
examples of MFCS redundancy and system separation (per 3.2.3.1.2).

Discussion

This is a valid requirement. It has been satisfied by the C-5A FCS
design and can be readily demonstrated. This requirement should be speci-
fied for all future transport type aircraft.

Recommendation

Accept the specification "as is."
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Requirement

3.1 .4~.i.1 Reversion -Boosted Systems'. In the mechanical reversion mode,
at least KCS Operational State III shall be provided. The normal# boosted,
control forces shall provide FVS Operational State I. It shall be possible
to re-engage boost following operation with mechanical reversion.

Comparison

This requirement is applicable to the C-5A pitch and roll control power assist
cable servo (PACS) only since all the control surfaces are powered by multi-
ple system, fully powered hydraulic servo actuators.

Discussion

This is a good requirement which should be applicable to boosted or powered
systems where reversion to a mechanical mode is required to meet the speci-
fied criteria. The level of mechanical redundancy should be determined by
criteria such a~s failure, redundancy, reliability, survivability,, and invul-
nerability. The C-5A satisfies the requirement.

Recomm~endation

Retain the requirement as stated.
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Requirement

3.1.4.2 Electrical MFCS do3i-it. Electrical flight control systems (6.6)
shall be designed with spacial consideration to invulnerability to lightning
strikes and to the thermal, DTIT and other induced environments of 3.1.9.7

Comparison

The C-5A FCS hardware consists essentially of mechanical input systems con-
trolling control surface power units. The C-5A FCS does corntain provisions
for non-critical SAS and ALDCS which are commanded electrically. The C-5A
FCS does not have an electrical (fly by wire) control system as the primary
control mode, thcrefore this specification is not applicable. However, Lock-
heed is currently involved in associated internal development programs and
is therefore desirous of corm-renting.

Discussion

Ar. electrical control system provides series inputs to the primary servos for
stability augmentation (SAS). Although the electrical input SA3 system was
not the primary control mode, the system was designed to consider the in-ul-
nerability to induced environments. The SAS system is an active/standby sys-
ten and provides the redundancy and monitoring to protect against failures
and hardover. In addition, the primary mechanical input system was always
"in the loop" to neutralize any hardover failure transient of the SAS, result-
ing from a multiple failure. The Lockheed-Georgia Company expe-ience with
electrical KFCS (fly by wire) has included the FCS for the "Hummingbird"
vertical take-off aircraft and numerous R and D studies and proposals which
included "active/standby" and "active/active" sý_-.ems such as hybrid and
redundant-voting. Currently a force summing FCS concept is being tested
with prototype hardware for application to future improved state of the art
aircraft such as CCV.

Lockheed agrees with the emphasis on designing the electrical tT'CS with
special consideration to invuLnerability to lightning strikes, thermal
effects, EMI and other induced environments as defined in requirement para-
graph 3.1.9.2. In fact all of the invulnerability requirements under para-
graph 3.1.9 should warrant special consideration in designing this type of
PCS.

Recommendation

ievise the requirement as follows:

3.1.4.2 Electrical MFCS desizn. Eiectrinal flight control systems
(6.6) shall be designed to meet the invulnerability requirements
u;nder 3.1.9 with special consideration to invulnerability to lightn-
inF. strikes and to t'ne thermal, EVI, and other induced envir-nn'ents
of 3.1.9.3.
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Reeuirement

3.1.4.2.1 Use of Mechanical Linkages. If a separate artificial feel system
is used, or if mechanical linkages are used to connect a signal conversion
mechanism with the control surface actuators, friction and freeplay shall

not result in FCS operation below State I. Longitudinal and directional
controls shall be mass balanced in the fore and aft direction and lateral
controls shall be provided inboard to outboard balance, consistent with
structural mode and longitudinal force requirements. Any residual vertical
imbalance shall be consistent with feel requirements.

Comparison

The C-5A FCS elevator variable feel unit (VFU) provides artificial feel for
pitch control. Figure No. 3 (3.2.3.1.1) shows the artificial "Q" feel con-
nected to the co-pilot's input quadrant at the base of the control colum.
The elevator artificial feel schematic, Figure No. 1 (3.2.4.2), shows the
tie in for all its related functions. The mechanical linkage connecting the
signal transmission uses close tolerance connections and a preloaded cam
mechanism which minimizes free play. The VFU is located as close as prac-
tical to the pilots controllers to miniwize free play. The VFU contains
centering springs to provide a centering force component, a bobweight effect
whereby the input system inertia is altered to provide the pilot with feel
forces as a fbmction of normal acceleration, and the normal VFU feel force
applied as a function of airspeed (q). Mass balancing of the FCS, except
for control surfaces, was required only on the pitch axis FCS. This was
accomplished by installing the control column shaker so as to provide the
required mass.

Mechanical linkages were used to close the loop in the FCS servoactuators.
Figure No. 11-5, Elevator System Schematic, and Figure No. 1 (3.2.3.2.3),
Aileron Servo Actuator, installation show the input and feedback linkages.
Figure No. 1 (3.2.3.2.5.1) shows the inboard elevator surface interconnect
linkage which provides a backup for synchronized movement of the two inboard
surface segments in the event of a failure. The connections used close
tolerance bolts and bearings to minimize free play. In none of the mechani-
cal linkage arrangements did friction and/or free play result in FUS opera-

tion below State I.

N- Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design
and can be demonstrated. This requirement should be specified for all future
transport type aircraft.

Recommendation

Accept the specification "as is."
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Requirement

3.1.5 AYCS Design. AFCS s±-ll be provided to the extent specified by the
procuring activity.

3.1.5.1 System Requirements. When the specified modes are used, the fol-
lowing design requirements apply.

3.1.5.1 .1 Control Stick (or Wheel) Steering. If this mode is required,
1IL-P-8785, or if applicable, M3L-F-83300, shall be used as the basis for
control capability.

Comparison

The C-5A AFCS was designed to meet the requirement of Contract End Item
(CEI) Detail Specification CP 40002-6B.

One of the modes of the AFCS was Control Wheel Steering (CWS) which used
the autopilot servos to command a surface position. Therefore, the control
capability is dependent upon autopilot capability which is limited by servo
authority. The C-5A does not meet Requirement 3.1.5.1 .1.

Discussion

There are fourteen major basic CWS configurations. These configurations
are listed in ARINC Report No. 417, dated April 9, 1971, and are given in
Figure No. 1 (3.1.5.1.1). The requirement of Paragraph 3.1.5.1.1 to meet
the control capability of MIL-F-8785, or if applicable, MIL-F-83300, requires
that the pilot have full manual system authority during CWS. This cei only
be achieved by using the Disconnect Type CWS or by adding additional circuitry
to the proportional CWS to produce automatic disengagement and reengagement
of the mode. Since the CWS mode is primarily a mode of the autopilot, then
it is limited by basic autopilot performance and safety requirements and
should not be considered as - separate system which would cause unnecessary
and complicated hardware to Loe added to the system.

This same type of requirement is also contained in Requirement 3.1.2.16

which has been validated and changes suggested (Ref. Rev. 09-21-76).

Recommendation

A. Retain the requirements of 3.1.5 and 3.1e5.1 as stated.

B. Delete the requirement 3.1.5.1.1.

L
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DISONNECT PROPORTIONAL
TYPE TYPE

MECHANIZATION
r

MOMENTARY FORCE SWITCH OWECONTROLLED
SWITCH DISENGAGES | I PEOTREFERENCEDISENGAGES AFCS] AFCS TERN",REENE ..

REMAIN

L_•DISENGAGED

-RETURN

OPERATIONAL LEEL
BEHAVIJOR

UPON RELEASE

_ PREVI OUSLY
SELECTED MVULi

AFCS Behavior Upon
Tye Switch Release of Wheel/Column

Disconnect Momentary Remains Disengaged
Disconnect Force Remains Disengaged
Disconnect M.,mentary Return to Level
Disconnect Force Return to Level
Disconnect Monentary Hold E-,Asting Attitude
Disconnect Force Nola Lxisting Attitude
Disconnect Momentary Return to Previously

Selected Mode
Disconnect Force Return to Previcusly

Selected Mode

AFCS Behavior Upon
Type Reference Release of Wheel/Column

Proportioral Power Steering Return to Level
Proportional Power Steering Hold Existing Attitude
Proportional Power Steering Return to Previously

Selected Mode
Proportional Controlled Reference Return to Level
Proportional Controlled Reference Hold Existing Attitude
Proportional Controlled Reference Return to Previously

Selected Mode

FIGURE NO. 1 (3,1.5.1.1) BASIC CWS CONFIGURATIONS
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Requirement

3-.1.5.1.2 Flight Director Su:aystem. If common mode selection is used, it
shall be possible to select control stick steering with flight director opera-
tion in place of any of the other APCS modes. Single-channel flight director
operation shall be possible when all except one channel of a redundant system
have failed.

Comparison

Two Flight Director Systemu) (FDS) are installed on the C-5A airplane, System
No. I for the Pilot and System No. 2 for the Copilot. Each system, Figure

(3.1.5.1.2), is comprised of the following LRU's:

o Flight Director Computer (FDS)
o Attitude Director Indicator (ADI)
o Horizontal Situation Indicator (HSI)
o Remote Horizontal bituation Indicator Control Penel (RHSI)
o Peripheral Command Indicator (PCI)
o Navigation Selector Panel (NSP)
o Auxiliary Navigation Select Panel (ANSP)
o Rate of Turn Sensor (RTS)

The FDS provides the integrated display &ta required for manual instrument
flying and for visual monitoring during Automatic Landing approaches and
other Autopilot modes. Fifteen different modes of operation are available
for use by the FDS, including the FD Self Test mode. These modes are defined
as follows:

0 Danual Heading (HIw)
o Inertial Heading/bestination Steering (IH/DS)
o Visual 01n2 Range (VOR): Cruise (CRS) and Approach (APP)

Configurations
O Tactical Air Navigation System (TACAN): Cruise (CRS) and Approach

(APP) Configurations
o Station Passage (SP) (Associated with the VOR and TACAN modes)
o Instrument Landing System (ILS): (Available from two independent

sources, ILS-1 or ILS-2)
o Course Line (CL), also known as Track Steer (Available from

two independent sources - Primary Guidance Computer or Auxiliary
Guidance Computer)

o Air Drop (AD) also known as terminal navigation (TN) (available
from two independent soarces - Primary Guidance Computer or
Auxiliary Guidance Computer)

o Vertical Navigation (VN) (Available from the Primary Computer only)
0 Radar Approach (RA)
o Terrain Following
O Go-Around (GA)
o Altitude Hold (AH) (Available from CADC No. 2 only)
o Navigation Aids Off (Nav. Aids Off)
o Flight Director Self Test (FD ST)

142
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AUXILIARY NAVIGATION SELECTOR PANEL

NAVIGATION SELECTOR PANEL (PILOTS)

PERIPHERAL COMMAND INDICATOR

ATTITUDE DIRECTOR tINDICATOR (ADI)

HORIZONTAL SITUATION INDICATOR (HSI)

FLIGHT DIRECTOR COMPUTER

REMOTE HSI CONTROL PANEL

RATE Of TURN SENSOR

flIGtI 1 (3.1.5.1.2) PLIGWf DnU=COR sqUpM.W
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The pilot or copilot can independently select the mode he desires by operating
the respective mode select switch(e3) on his NSP and when applicable, the
ANSP. When the autopilot is engaged the CWS mode can be used with flight
director operation independent from any other mode of the autopilot.

All the control functions that are .rovided by the automatic systems are dis-
played to the pilots via the flight directors for control and monitoring. At
any time during any automatic mode of operation, the pilot can take over con-
trol of the aircraft by disengagement or override of the automatic system.

It is felt that the C-5A FCS meets the intent of this requirement.

Discussion

kParagraph 1.1 of baL-F-9490D states that this specification covers "dedicated
displays." Paragraph 1.2.1.2 wiich puts forth the definition of AFCS states
that "semiautomatic flight path" control equipment is included. The Back-
ground Information and User's Guide for YJL-F-9490D, in the discussion on
Paragraph 1 .2.1.2, states "Semiautomatic control includes flight director
function when the option of automatic or semiautomatic operation is provided."
From these statements, it is concluded that this spec. fication, MIL-F-9490D,
covers Flight Director and Flight Instruments (See Val Ldation of Para6raph
1.2.1.2). The only requirement that can be found which covers flight director
design is this paragraph (U.1.5.1.2) which In inadequate for the basic require-
ment. The second sentence of this requirement is confusing since it discusses
redundant channels of flight directors which is only ox.c of the design approaches
that can be made to meet this statement. The pilot must have a triple redun-
dant system so that if one channel fails, then the known working channel is
left.

To date, the pilot and copilot flight director systems have been kept com-
pletely independent, such that if one failed then the other cculd c ntinue
control. It is felt that more basic design information on the Flight Director
System, which would include flight instruments, must be given. All paragraphs
that discuss modes of the AFCS should contain a statement defining the inter-
face or dependence on the Flight Director dystem. Some of these modes are
approach, landing, auto-land, and go-around.

Recommendation

Aetain the requirement as stated until the recmended study is completed.
Perform a study to determine the extent that these requirements should be
expanded in order to adequately give the minlimn deeign requirements for the
Flight Director System as well as to define the changes to other relative
paragraphs of MIL-P-9490D. Areas that could be covered by the new requirement

* are:
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o Fli-ht Direction Sy3tem Redundancy - Pilot and copilot separaticn

o Flirht Instruments - General requirements on the instruments to
be used.

o Transfer Cauability - Capability of the pilot or copilot to use

signals from the other flight director computer to be displayed
on the flight instruments.

o Nodes - Nodes that could be supplied with same basic requirements
Reference can be given to the discussion given for the automatic
modes.

0 Failure Arnvnciation - Requirement on annunciator for failures

within each system.

0 Control Panel - Requirement for independent and shared contro2
panels.

o Intewrited Autonilot and Fli.ht Director Requirement - This require-
ment should define the extent the autopilot functions can be contained
within the flight director. A great majority of new AKS haVe inte-
grated these two systems.

Additional Data (For "Users' Guide)

"The sentences indicated by the left vertical sideline should be addea to the
background information and "Users' Guide."
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Requirement

3.1.5.2 AF'CS Interface

3.1.5.2.1 Tie-in with External Guidance. Internal FCS switching with zero
command signal input from external guidance systems shall not cause transients
greater than engage transients in accordance with 3.1.5.2.3. Noise content
in usable external guidance signals shall not saturate or bias any component
of the FCS, shall not impair the response of the aircraft to the proper
guidance signals, and shall not cause objectionable control motion or atti-
tude variation. Steering information transmitted to the AFOS shall be com-
patible with the accuracy and dynamic performance requirements of the guidance
loop. The tie-in provisions shall not degrade performance of other subsystems
by causing excessive loading or saturation.

Comparison

The external guidance sources for the C-5A AFCS interface the autopilot
only. The Go-Around Attitude Subsystem, Stallimiter, Autothrottle, Aug-
mentation Systems, and AIDCS have no external guidance inputs. The pitch
autopilot receives guidance data from the Primary Navigation Computer, the
Multimode Radar Subsystem, and both Glideelope receivers. The roll autopilot
receives information from the VOR/localizer receivers, the flight directors,
TACAN receiver and navigation system through the pilot navigation select
panel. These signals' tie-in with the AFCS was required to meet requirements
in CEI Specification CP 40002-6B. Those requirements specified that the
reference and command signals be based on the same voltage source as the
corresponding feedback signal of the AFCS. Additionally, the command sig-
nals from the external guidance systems are required to be limited so that
the AFCS will not cause the air vehicle to exceed man.-uver limits that are
inconsistent with the external guidance function and flight condition.

CP 40002-6B requires that the switching transients with zero command signals
from the external guidance systems be less than +0.05 g normal acceleration
(c.g.) in pitch or +1 degree in roll attitude. Finally, the noise content
in the external guidance signal is specified so as not to cause improper
operation due to saturation of any AFCS component, impair the response of
the aircraft to the proper guidance command, and not cause objectionable
control motion or attitude variation.

Formal in-flight verification testing of these requirements was not conducted,
but performance was informally verified by the many occasions on which the
guidance systems were coupled to the AFCS during development testing. On
these occasions no deleterious transients, noise content, etc., were experi-
enced.

The mechanism used to establish interface control throughout the C-5A AF`CS
was the lnterface Control Document. Examples of the interface sheets con-
tained in this document are shown in Figure 1 (3.1.5.2.1) (five sheets).
These sheets were compiled for each AFCS interface. It allowed an orderly
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approach to interface design when more than one equipmient vendor was involved.

Discussion

The C-5A complies with this requirement. Compliance can be practically demon-
strated and the requirement is suitable to future transport aircraf't. It is
felt that no changes are necessary for this requirement.

Recommendation

Accept "as is."
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Reqtuirement

3.1.5.2.2 Servo Engage Interlocks. Interlocks shall be provided to prevent
servo engagement and to provida disengagement in the presence of conditions
that render disengagement safer than engagement. Manual override of inter-
locks shall be provided wherever such override capability will enhance flight
safety.

Comparison

Those elements of the C-5A AFOS which use servo engage interlocks include
the pitch and roll autopilots, the pitch and yaw/lateral augmentation sys-
tems. CEI Specification CP 40002-6B specifies the following:

"Interlocks to prevent engagement of the APCS in the absence of
electrical power of the proper voltage and frequency, proper gyro
rotor speed, adequate wa rmu p, and normal overall operation shall be
provided.... It shall not be possible to engage incompatible func-
tions.* Interlocks shall be provided to prevent power from being
applied to the engaged mechanisms if lack of power to the servo unit
prevents synchronization. In the event of failure of any one of
the power sources, the AFCS shall become disengaged within 0.3 second."

The pitch au~topilot can be engaged independently of the roll autopilot to
provide split axis operation. Figure 1 (3.1.5.2.2) shows that the computer
does contain a number of interlocks tc prevent engagement if any interlock
is not valid. Similar interlocks are used for the roll autopilot servo.

The engage/disengage circuitry for the pitch and yaw/lateral augmentation
systems is enabled by the fault detection/correction logic which assures
that these subsystems cannot be engaged into an uncorrected fault situation.
Interlocks are also provided the self-test initiation of these systems (pitch
and yaw/lateral augmentation) to assure that the test sequence cannot be
initiated in-flight or on the grounxd with the control surfaces powered.
These interlocks are provided by the touchdown relays and aileron, rudder,
and inboard elevator hydraulic power switches on the overhead flight station
control panel see Figure 2 (3.1.5.2.2). This figure shows the BITE initiate
power is routed from the computer through the P..A.ght Augmentation Control
Panel to two touchdown relays. If weight is on the landing gear, the relays
close and supply power to the BITE push-button on the computer face an'd the
TEST ON switch in the panel. Momentary depression of eithier switch will
begin "BITE Initiate." Because the signals are momentary, the BITE Initiate
circuitry must "Latch-on" to begin the test sequence.* This latching power
is routed through the surface hydraulic switches on the overhead panel and
all switches must be in the "OFF" position to complete the interlock and
accomplish BITE latch.
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No manual override capability is provided in any of the above interlocked
systems.

Discussion

A rational approach to the use of servo engage interlocks involves an assess-
ment of conditions--both system internal operating conditions and external
flight operating conditions to determine the AFCS function performance pro-
vided through the servo ai.d to assess resultant aircraft safety. Those
conditions which render disengagement safer than engagement will require, auto-
matic servo interlocks. Likewise, those conditions which render servo engage-
ment safer than disengagement will be identified by such an analysie. Thus,
properly designed and implemented servo interlocks would not require the
additional complexity of manual override provisions or the attendant addi-
tional analytical task of determining for each interlock circuit whether
an additi'mal manual override would or would not enhance flight safety.

Receommndation

Delete the last sentence of the requirement.
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Requirement

3.1.5.2.3 Ergage-Disenxage Transients. Normal engagement or disengagement
of AFCS modes shall not result in transients exceeding the limits set on
K-CS engage-disengage transients by MIL-F-8785 and MIL-F-83300. Normal
engagement transient requirements shall be met 2 seconds after completion
of any maneuver up to the maneurer limits of the aircraft or the limits of
sensor equipment being used.

Comparison

Since the C-5A is a CTOL transport, MIL-F-83300 is not applicable. The
1-LL-F-8785B requirements for normal MFCS engagement-disengagement are that
the transients not exceed + 0.05 g normal or lateral acceleration at the
-)ilot's station and + 1 degree per second roll rate when within the Operational
Flight Envelope and that the transients not exceed + 0.5 g normal or lateral
acceleration at the pilot's station, + 5 degrees per second roll rate and
the lesser of + 5 degrees sideslip or the etructural limit when within the
Service Flight Envelope. The C-5A design specification, CP 40002-6B, sets
tighter limits on the normal engagement-disengagement transients requiring
normal accelerations at the cg not to exceed + 0.05 g and roll attitude
changes of not more than + I degree.

The C-5A Category II flight test evaluation, Report FTC-TR-73-41 "shows that
there were no transients during A/P engagement or disengagement tests." There-
fore, the C-5A is in compliance with this requirement.

Discussion

This requirement is well stated and valid. Compliance can be practically

demonstrated as it was for the C-5A. The statement of the requirement pro-
vides continuity with the handling qualities military specifications. The
paragraph is applicable to future transport design.

Recommendation

Retain the requirement as stated.
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Requirement

3.1.5.3 AeS Emergency Provisions

3.1.5.3.1 Manual Override Capabilit,. It shall be possible to manually
overpower or countermand the automatic control action of the AFCS using the
normal pilot controls. Required pilot forces shall not exceed pilot capa-
bilities as defined by MIL-STD-1472. The overpower force for V/SOL air-
craft and helicopters shall not exceed the limit cockpit control forces
specified for Level I operation in MIL-F-83300. Manually overriding the
AFCS shall not result in an instability due to force flight between the
pilot and the AFCS.

3.1.5.3.2 Emergency Disengagement. Positive emergency means of disengage-
ment, in addition to normal mode selection, shall be provided for AFCS.
The emergency disengagement means shall also ground the power input side
of the servo engage solenoids. No intervening switching mechanism between
the point of grouud and the solenoid thall exist.

Comparison

The C-5A is designed with the capability of manually overpowering the AFCS
using the normal pilot controls. The maximum overpower forces applied at
the pilot's controls must be less than 120 pounds rudder, 50 pounds elevator,

4and O pounds aileron. These forces are within the pilot's capabilities
as defined by KIL-STD-1472.

The AFCS nodes can be nanually disengaged by pressing the appropriate eagage
switch a second time, by depressing either control wheel's disengage switch,
or by switching the MAS.TER POWER off. Automatic disengagement occurs when
a failure is detected by the monitori:g system and appropriate annunciation
provided for the pilots.

Discussion

The C-5A complies with the above requirements which can be practically
demonstrated. The requirements are straightforward and applicable to
transport aircraft. The requirements are appropriate as stated and will
not require changes.

Recommendation

Accept "as is."
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Requirement

3.1 .6 Mission Accc-olizohr-nt Rolinbý.litv. The probability of r~ssion failure
per flight due to relevant material failures in thr flight control system shall
not exceed thE dpplicable limit specified belcw. Failures in power supplies or
other subsystems that do not other-ise cause missica failure shall be considered
where pertinent. Each mission to which this requirement applies shall be esta-
blished and defined by the contractor, subject to approval of the procuring
activity.

a. Where overall aircraft mission accomplishment reliability is spoci-
fied by the procurement activity, C'.(fcs) < (I-RI 4 ) A 1(fcs)

b. Where overall aircraft mission accomplishment reliability is not
specified, QM(fcs)< 1 x 10-3

where: QM(fcs) = Maximum acceptable mission unreliability due to relv-ntFCS material failures.

R = Specified overall aircraft mission accomplishment relia-
bility.

A•4f, = Mission accomplishment allocation factor for flighL control(chosen by the contractor)

Comparison

The C-5A had a contractual overall aircraft mission reliability requirement
(RM) of 98% (ref. paragraphs 3.13 and 3.14 of C-5 Reliability Program Plan,
Document 3-8) based on a 'iontractual set of abort criter-ia and a ten hour
flight length. Achievement of this requirement was ver_*fied in the 1973
C-5 Operational Reliability Verification Program. Failure data collected
from 25 C-5A aircraft during the period Jenuary through June 1973 was utilized
in the verification. The flight control system wa3 allocatei 12.5% of the total
mission failure requiremnent.

The FKS accounted for 9.2% of the total observed mission fail'Ares. The miss3on
unreliability observed in the vcriflnation program for the C-5A fligýh, contr-l
system was .0045. This value corresponds to the C,(fcs) factor used in parts
a and b of paragraph 3.1.6. The Q,(fcs) relationshp defined in the part a
equation is a valid one for situations where overall aircraft mission relia-
bility requirements are specified by the procurement activity. Hcwever, the
quantitative requirement described in part b (o',(fc.)< I x 10-3) is not met
by the C-5A and is considered to be unrealistic and in-need of revision.

Discussion

Even though the quantitative value of part b is supposed to apply only when
the overall aircraft mission reliability is not specified, thc fact that a
specific QM(fcs) value is stated establishes it as a target or guideline for
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future contractually negotiated values. As it presently reads, part b sti-
pulates that QM(fcs) < .001 with no adjustment provisions for flight length.
It is ooviously unreasonable to expect the unreliability levels for one hour
and ten hour flights to be the same. The C-51, for example, with its ten
hour flight length has a mission unreliability 4.5 times the proposed MIL-F-
9490D requirement. For small failure rates mission unreliability (OI) is
equal to At where X is the hourly failure rate and t is the aircraft flight
length. Since flight length is an influential part of the mission unreliability
calculation and since flight length varies for different aircraft, it would be
more appropriate to specify a quantitative failure rate objective in part b
rather than a quantitative QM. To substantiate this viewpofnt recent Air
"Force 66-1 operational data was examined for the C-5k, C-141 and C-130E/H

/ aircraft. %1(fcs) values, flight lengths, and failure rates developed from
this data are summarized below along with the C-5A verification program values.

The C-5A verification program failure rate which was developed from assessed
data including relative failures only per defined abort criteria is understand-
ably lower than the C-5A 66-1 raw data failure rate. Also, as you would expect,
the C-5A 66-i data failure rate is higher than the failure rates for the less
complex C-i 41 and C-130E/H.

Flight Failure:/QM(fcs) LentHr e I-t.o) Rate (Aborts/IM)

C-5A (Verification Program) .00o50 10.0 .00o45

C-5A (66-1 Data) .00302 4.5 .00067
C-13oE/H .00112 2.8 .ooo4o
c-i 41 .00092 3.4 .00027

The C-141 with its 3.4 hour flight length meets the QM(fes) requirement of
paragraph 3.1.6 part b and the C-I30E/i with its 2.8 hour flight length
nearly does. Note that even though the C-5A verification program failure

Srate and the C-130EAi failure rate are essentially the same, the f]Jizht
length difference causes the 0 - values to vary substantially. This
chart clearly illustrates the cý of flight length on . (fcs)"

It is recoa ended that part b be reviuec to specify that • .±< rt

where ) is the flight control system failure rate based on on 4liability
criteria and t is the aircraft flight length. Based on data examined for the
C-SA, c-I14i, and C-130E/Hi and in view of the fact that future aircraft flight
control system will probably be at least as complex as the C-5A, a failure

rate equal to .O005/AH is proposed. Part b would therefore read O'.,r_)
.0005t. For a one hour flight QM(fcs) < .0005, for a four hour fii

'44(fcs)< .oo2, and so on.

Comparison of the proposed requirement with the present requiremert 3hows that
t would be equal to 2.0 hours for a 0 .001. This indicates that the
"present requirement is reasonable for sw t lengths of 2.0 hours or less
and too st.ringent for longer flight lengths. Otherwise this is a valid require-
ment which has been satisfied by the C-5A FCS design to the extent noted. The
requirement can be demonstrated and should be specified for all future trans-
port type aircraft.
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Recommendation

Revise the requirement as follows:

Revise b. to read:

b. Where overall aircraft mission accomplishment reliability is not
specified, Q(fee^ < e0005t where t - aircraft flight length.
(Retain exiNsIng leiinitions of QM(fcs)' RM' and AM(fes)).

IJ
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Requirement

3,1.7 Qmuantitative Flight Safety. The probability of aircraft lose per flight,defined as extremely remote, due to relevant material failures in the flight
control system shall not exoeed:

where , ,Qs•t • a Maximum acceptable aircraft loss rate due to relevant FCS
material failures.

S(fcs) - Flight safety allocation factor for flight control (chosen
by the contractor).

a Overall Aircraft Flight Safety Requirements as specified by
the procuring activity.

Failures in power supplies or other subsystems that do not otherwise cause
aircraft loss shall be considered where pertinent. A representative mission
to which this requirement applies shall be established and defined in the FCS
specification (4.4.2). If overall aircraft flight safety in terms of R is
not specified by the procuring activity, the nunerical requirements o• Table
VII apply.

TABLE VII
FCS QUANTITATIVE FLIGHT SAFETY REQUIREMENTS

MAXIMUM AIRCRAFT LOSS
RATE FROM FCS FAILURES

OVERALL A/C MIL-F-8785 Q s 5 x
FLIGHT SAFETY CLASS III AIRCRAFT
REQUIREMENT
NOT SPECIFIED ALL ROTARY WING Q 25 x10
BY PROCURING AIRCRAFT
ACTIVI TY

S MIL-F-8785 CLASS I, s
I I S0 (fcs) :S 100 x 17

II & IV AIRCRAFT

CsComarison

The C-5A program had no contractual quantitative flight safety requirement.
The Lockheed System Safety Program Plan that was contractually approved at
the outset of the C-5A program included provisions for a quantitative safety
model. There was no required or target quantitative value assigned to the
aircraft or flight control system as a result of using this model.
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Development and use of the model was discontinued later in the C-5A program
by mutual Lockheed/Air Force agreement. Aa a result of this, no allocated or
predicted quantitative values are available for comparison purposes. Actual
operational experience for the C-5A aircraft can be ,'ed to compare the MIL-F-
9490D requirement with actual observed C-5A KS performance.

This comparison is as follows:

MII-F-9490D %(fes) I< 5 x 10-7 loss rate per mission

C-5A Actjal %(fcs) = 0.0 loss rate per mission

It is obvious that the C-5A would have met the requirement for quantitative

flight safety if the MIL-F-9490D maximum value had been imposed.

Substantiating data for the above comparison is as follows:

o C-5A Flight Hours cumulative through 30 August 1976 - 256,633 Fit. Hrs.

o Average C-5A mission length M 4.5 Flt. Hrs.

o Total C-5A losses (relevant FKS failures) -

o C-5A FCS hourly loss rate 0 (FCS losses)
256,633 (flight hours)

Qs(fcs) - 0.0 (hourly rate)

o C-5A FCS mission loss rate

S0 (FCS losses)
* 256,633 (flight hours) x 4.5 (avg. mission length) -

%(fcs) - 0.0 (mission rate)

Discussion

Table VII establishes the maximum aircraft loss rate from FCS failures as
0 c.• < 5 X 10-7 for heavy cargo type aircraft. This value is imposed on
tf-•t-rlactor if overall aircraft flight safety, in terms of R I is not speci-
fied by the procuring activity. The implication of this MIL-F-!490D require-
ment is to suggest that the % value of 5 x 10-7 should be a goal or
target that is achievable in mfs% 5 dases. It also implies that the (1-%5 )
A .(fcs value should not exceed 5 x 1o-7. The conclusion based on the C-5A
comparison would be that this Q%(fcs) value is acceptable.

It should be noted that the t%,,,2 value is an aircraft lose rate per flight
which imposes a requirement sindependent of mission length. Hardware
failures and the resulting failure rates that lead to Category IV catastrophic
loss of aircraft are dependent on mission length. Therefore, a quantitative
requirement by Mfl.-F-9490D, independent of average mission length, is not
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valid. MIL-F-490D does state that a representative mission shall be defined
by the FCS specification originated by the contractor. This will not resolve
the problem pointed out above since the defined mission and average mission
length, even though realistic, would not in many cases be compatible with the
%(fcs) required value.

The C-141 was evaluated in the some manner that the C-5A was for comparison
purposes. The results of this analysis reveal that the C-141 would have also
met the MIL-F-9490D requirement. This is based on the following:

o C-141 cumulative flight hours through Septtmber 1976 = 4,730,000 hours

c Average C-141 mission length = 3.8 hours

o Total C-141 losses (relevant FCS failures) = 0

o C-141 FCS loss rate =0

Reco-endation

It is recommended that Table VII be revised to reflect an aircraft loss rate
that is a function of mission length. The entry for column thrce of the
table for Class III aircraft should be:

f (X)-0)

where (X) is the flight control system average hourly loss rat( based on
the representative mission definiticn and failure criteria. This value
should be < 3 x 10-7.

(W) is the average mission length for the representative mission defined
in the contractor's FCS specification or by the procuring activity.

"Derivation of the X value is based on data contained in Air Force Flight
Dynamics Laboratory Technical Report 74-116, Background Information, and Users'
Guide for MIL-F-9490D. Appendix A of tUhat report contains actual field safety
experience data for the B-52, C-135, and C-141 aircraft. C- data was not
added to this data spezle for the following reasons:

o 256,633 flight hours of experience for the C-SA is a relatively small data
sample compared to the experience data for the B-52, C-135, and C-141.

o There were no C-5A losses due to FCS relevant failures.

Referring to page 219 of Appondix A in TR-74-116 the following data elements
were extracted for analysis purposes:
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Combined B-52/C-1 35/C-I 41 Experience

Flight hours M 12,248,946

Flights - 1,826,908

A,/C losses n I
(due to relevant FCS
failures)

A/C loss rate
per 100,000 flt. hrs. = .008

A/C loss rate
per 100,000 flights - .055

Using the above data it car. be seen that the loss of one aircraft (B-52) in
12,248,946 flight hours results in a X value of .000000081 as an hourly failure
or loss rate. This can be considered as the actual observed hourly failure rate.
Likewise, the observed mission loss rate is .000000547 or I loss

1,826,908 flights
This value is the MfllF-9490D requirement expressed as . 5 x it7. it
is obvious that this value is based on a questionable da• •Sdple, i.e., one air-
craft loss. Consequently, it is necessary to evaluate the confidence levels
associated with the given data sample. From this, a more realistic requirement
value can be obtained with a higher degree of confidence. This is done as fol-
lows:

Observed 1 loss - .8 x 10-7
12,248,946 fit. hours

Sat 90% confidence = 3.17 x 10-7
(lower limit)

Developed as follows:
N=B 2 (T)

90% confidence 2
lower limit ? 2x+ 2 (degrees freedom)

90% lower limit

Where: T = flight hours = 12,248,946

- Chi-square mathematical distribution

.12*+ 2 M for 2/t 2 degrees freedom

=- aircraft losses (failure quantity)

2A + 2 - degres of freedom

MTB- I

MTBF - mean-time-between-failures(losses)

- failure(loss) rate
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Therefore:

MB- (12,248,946)(90% .7

(loer lmt7

S- 3,1 18,829 flight hours

(loer limit)

- .000000317

or ) - 3.17 x 10-7

The result of this calculation is that one can be 90% confident that the actual
observed failure (loss) rate (X) will be <-3.17 x 10-7 based on the B-52/C-135/
C-141 experience as shown above.

Further, it can be stated that one can be 90% confident that the mean-time-
between-aircraft losses due to relevant FCS failures will be 3,108,829 flight
hours based on the same experience data.

The conclusion is that the stated MIL-F-9490D requirement of .8 x 1o-7 (hourly
rate) should be approximately 3 x 10-7 with 90% confidence. Converting this
to mission rate values we see:

Present requirement - 5 x 10-7 mission rate

Recommended requirement - 6.7 (avg mission) x (3 x 10-7)
if expressed as a mis- time
sion rate - 20 x 10-7
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ReQuirement

3.1.7.1 Qua:ititative Flight Safety - All Weather Landing System (AWLS). The
average hazard due to the use of the all-weather landing system shall be less
than the risk allowed in the contractor's reliability budget for the all-weather
landing system. To meet the requirements of 3.1.7, the contractor shall allo-
cate the FCS safety budget among AWLS and other FCS. The specific risk of a
hazard due to use of the landing system under an environment limit or operational
restriction shall not increase the allowed risk by a factor of more than t~hirty.
An alert height shall be established at an altitude such that, with all systems
operative at the alert height, the probability of a nazard occurring during the
landing is extremely remote, as defined in 6.6.

Comparison

The C-5A program had no quantitative flight safety requirements for the all-
weather landing system (AWLS). A quantitative flight safety mathematical
model was developed initially for the C-5A program, but was later discontinued
by mutual agreement between Lockheed Rnd the Air Force. In addition, there
were no C-5A losses due to relevant FC3 failures, therefore, the C-5A would
have met the quantitative requirement stipulated in the above paragraph.

Discussion

The most significant criticism of paragraph 3.1.7.1 is one of semantics. The
following phrases are examples:

o average hazard

o risk

o specific risk

o allowed risk

The first sentence compares an average hazard value to a risk value. Inter-

pretation of this requirement can be expressed as follows:

E- (severity factor) (.) < (1 x 10-3) (AR(AWIS))
total quantity of hazards

where:

severity factor Hazard Category, e.g.,

IV - CATASTROPHIC
III - CRITICAL

II - MARGINAL
I - NEGLIGIBLE

XProbability of hazard occurrence
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total quantity of all hazards identified for the
hazards AWLS function

(0 x 10"3) reliability budget (maximum
value) for FCS

AR(AWLS) u reliability allocation factor for
AWLS as a sub-function of PCS.

The above mathematical expression provides that the average risk of a given
AWLS hazard be a function of the reliability budget or allocated failure rate
for AWLS. It also requires that the average risk involved for the AWLS func-
tion be less than the allocated AWLS failure rate. This implies that:

< 0 x 1o-3) IAJ2L WAS2
total AWLS hazards 4

This expression states, that for the worst case (Category IV hazards), the
average probability of occurrence of a hazard must not exceed 1/4 of the
allocated AWLS failure rate. This would presuppose the concept that each
4th AWLS failure would be catastrophic resulting in loss of the aircraft,

The definition of average risk of a hazard is confusing and misleading.
Deleting the phrase "average hazard" and inserting "suimmation of risks of
hazards" would clarify this requirement. Difficulty exists vten comparisons
ara attempted between the terminology "average hazard" and "reliability
budget." Hazards and the risks associated with them can better be defined
and discussed in terms of safety budget, not reliability budget. The desired
mathematical expression for this first sentence would be:

F (risks of AWLS hazards) (AS(AWLS)) (4)

or (severity factor) (X) (A8 (AWLS)) (4)

where: severity factor = huzard category

X - probability of hazard occurrence

(A. (AWLS) = safety allocation for AWLS

4 severity factor "catastrophic"

for AWLS

The above interpretation is believed to be inconsistent with the intent of
4 the first sentence of paragraph 3.1.7.1. The most desirable wording for

this sentence should be stated so as to ensure that the probability of nor-
Mal hazard occurrence during an AWLS landirng is less than the allocated pro-
bability of hazard occurrence for the FCS(Aw) function.

The nokiml system safety connotation of "risk" is the combination of both
probability of hazard occurrence and severity of hazard occurrence.
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Therefore the synonymous use in paragraph 3.1.7.1 of hazard probability of
occurrence and risk of a hazard is in error. Risk implies severity as well
as probability of occurrence.

The definition of average hazard as described in AFFDL-TR-74-116 is a hazard
that occurs under normal operating conditions. Normal meaning within the
design and operational limitations established for that system. Specific
risk pertains to "average" hazards that might occur when operating beyond the
design or operational limitations established for that system. Clarification
of these two phrases should be included in MIL-F-9490D.

The second sentence of paragraph 3.1.7.1 simply requires the allocation of
the safety budget for FCS and AWLS. A quantitative safety allocation can be
accomplished by a defined process that would be developed prior to contractual
go-ahead.

The third sentence of paragraph 3.1.7.1 deals with the quantitative limitation
for an AWLS specific hazard risk. The interpretation is, that for a specific
risk, the increase cannot be exceeded by a factor of 30 if the AWIS system is
used beyond its designed environmental limits or operational capabilities. The
risk in this case is interpreted to mean severity of a hazard mult.plied by
the probability of occurrence.

The fourth sentence of paragraph 3.1.7.1 provides that the loss rate of the
aircraft shall not exceed (5 x lo0"7) once a decision to land has been made.
This asswes all equipment working properly at decision height.

The loss rate must be considered in a mission tine frame. The AWLS mission
or phase of flight is small compared to the overall mission length. The tine
period between decision height and touchdown is a matter of 10 to 15 seconds,
thus, reducing the probability of hazard occurrence if tne hazard rate is used
as a function of time.

Recommendation

It is recommended that the requirement set forth in paragraph 3.1.7.1 be
changed to the following:

"3.1.7.1 Quantitative Flight Safety - All Weather Landing System (AWLS).
The probability of hazard occurrence due to the use of tX.- all-weather
landing system under normal conditions including limited visibility shall
be less than the probability allowed in the contractor's safety budget
for the all-weather landing aystem. To meet the requirements of 3.1.7,
the contractor shall allocate the FCS safety budget among AWLS and other
FCS. The specific, Probability of a hazard occurrence due to use of the
landing system under an environment limit or operational restriction
shall not increase the allocated probability by a factor of more than
thirty. An alert height shall be established at an altitude such that,
with all systems operative at the alert height, the probability of a
hazard occurring during the landing is extremely remote, as defined in
6.6."
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Requirement

3.1.7.1.1 Assessment of Average Risk of a Hazard. The average risk of a
hazard due to use of the all-weather landing system shall be established con-
uidering:

a. The effect of each failure and combination of failures on system
performance and the probability of their oc.ourrence.

b. The effect of each relevant failure and combination of failures in
systems operating concurrently with the all-weather landinf AFCS on
aircraft performance and the probability of their occurrence.

c. The probability of the dystem not performing within the required
levels as specified in 3.1.2.10 taken in conjunction with the
probability that exceedance of those performance levels will reoult
in a hazard.

Comparison

The C-3A contractual requirements included the requirement for hazard analyses
to be conducted for the FCS. These analyses were qualitative and included an
evaluation of the effect of component failures, the various modes of failure,
primary and secondary results of the failure, corrective action, subsequent
operation, and fail-safe substantiation. Particular attention was given to
failure effects on interfacing systems and subsystems, These detailed hazard
analyses were required for all potentially critical areas.

The quantitative probability of occurrence was not required for the FCS hazards
that were analyzed.

Discussion

The definition of risk from a safety standpoint is obtained by multiplying
the severity of a potential hazard, e.g.,

1 - Negligible
2 - Marginal
3 . Critical
4 - Catastrophic

by the probability of hazard occurrence. Therefore, the average risk referred
to in paragraph 3.1.7.1.1 must be interpreted to be:

- (risks) - average risk of a hazard
total hazards

o (severitl probability a
C- •factor I of occurrence I = average risk of a hazard

total hazards
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The term "average risk" has little significance to the analysis process as
defined by NIL-STD-882, DlD-DI-E1-3278, or AFSC Design Handbook 1-6. There-
fore, the deletion of the term average would provide a better understanding
of the analysis process described by paragraph 3.1.7.1.1.

If "average" is deleted then the requirement would L-ly that for each hazard
identified for normal AWLS operating conditions, a severity factor and pro-
bability of occurrence will be establishEd. The product of these two values
would be the risk value for each hazard.

ftc on endation

It is recomnended that the following changes be made to parLgraph 3.1.7.1.I:

"3. 1 .7.1 .1 Hazard Ri.k Assessment. The risk of a hazard incurred under
normal oDerational conditions due to use of the all-weather iandirg s-:.s.eT
shall be established considering:

a. "leave 3s is"

b. "leave as is"

c. "leave as is"
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Requirement

3.1.7.1.2 Assessment of Specific Risk. For each environmental limitation or
operational restriction which limits the use of the all-weather landing system
the specififs risk shall be established. This evaluation shall comprise the
average risk assessment, adjusted Zor a 1.0 probability of occurrence of environ-
mental limits associated with the operational restriction.

Comparison

There was no C-5A quantitative reqirement for assessment of specific risks for
the AWIS function. A quanlitative analysis was required and accomplished. This
was done through the hazard analysis process described in the discussion for
paragraph 3.1.7.1 .1.

Discussion

This paragraph imposes a requirement for analyzirg the risk associated with the
certain operation of the AWLS down to its environmental and operational limita-
tions. *ý=antification of the risk termed "specific risk" is as follows:

Specific Risk . severity factor x probability of occurrence x 1.0

where:

severity factor is the hazard category, e.g.,;

i a Negligible
2 - Marginal
3 - Critical
4 = Catastrophic

probability of occurmence - th• quantitative value associated with
the likelihood of hazard occurrence

1.0 - probability that the system will be
operated at its environmental llmita-
tioas or operationally restricted level

The specific risk value is interpreted to represent the quantitative assess-
ment of operating the aircraft AWLS at or beyond its design or intended capa-
bility.

The term average risk assessment is used in the second sentence of the para-
graph and confuses the issue of risk assessment. Elimination of the term
"average" would clarify the intent of this paregraph.

Recommendation

It is recommended that the word "average" be deleted and "hazard" be incerted
in its place iL, the second sentence of paragraph 3.1.7.1.2. The remaindar of
the paragraph should remain unchanged.
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.1 .,u .urvivability. FCS Operational itate IV or Jtate V shall bo provided
as required by the procuring activity.

3.1.8.1 dIl Engines Out Control. For those air-craft which are dependen6 upon
engine generation of flight control system power, supplementary means or power
source shall be provided ai necessary to supplement the control power available
from the engine (s) where engines are unproven, airframe aerooynamics not esta-
blished in fliight, or windmilling power is ins,;fficient to maintain operational
Statc IV control capability anywhere in the aircraft operctional envelope.
Fligl1 t rontrol system d-sign (including power sources) shall be such that
unintentional loss of any or all engine thrust shall not result in less than
FC3 0p)er-Aonal State IV including any necessary transition to energency
soaure(s) of power. Irovision shall be made for iuflight reversion to normal
power wher,.in thu transition shall not result in a worse FCS operational state.

Cormpdrison

The C-5,. was required to have adequate hydraulic power to maintain aircraft
control in the evizt of the loss of power on all four engines. The engines
wculd not windmi. and consequently could not supply adequate hydraulic power
in this way. In order to meet this requirement, a Ram Air Turbine (RAT) w13ich
drives a 32 gpm hydraulic pump is provided to pressurize hydraulic system NIo.
2 for this condition. Power is then supplied only to the flight controls powered
by the No. 2 hydraulic system and the hydraulic driven emergency generater. The
flight controls which can be actuated for use in maintaining operational State
IV control capability are the inboard and outboard elevators, lower ruddr, three
flight spoiler panels per side, ai. .rons and pitch trim actuator nut drive. The
hydraulic power distribution is shown in Figure ho. 1(3.1.b.1).

The RAT provides sufficient poi•,r for a controlled descent in the clean con-
figuration when all engines are lost with the landing gear in the stowed posi-
tion, or with the gear down when all engines are lost in this configlaration.
The RAT provides capability for aircraft controllability using the emergency
flight controls for ac long a time as is required to restart the engines, to
start an air sLartable APU, or for a time period of 15 to 20 minutes depending
upon the rate of descent.

The RaT is operable at air speeds from 520 KTAS at 28,000 feet down to 135
KTAS at sea level and at altitudes from 45,000 feet down to sea level. The
RAT is capable of delivering 32.0 GPM at 2,900 psi in less than 5.0 seconds
after the RAT deployment switch is manually actuated, when deployed at air
speeds in excess of 165 KCAS. At air speeds below 165 KCA.z, the flow remains
at 32.0 GFM, but the discharge pressure capability is reduced linearly down
to 1470 psia at 135 KCAS.

The deployment system is designed for extension at air speeds of 135 KCA3 up
to 350 MCio/0.825 Mach and retraction at air speeds below 200 KCMiS. Extension
time is 2.u seconds and retraction time is 6.C seconds, Once depoyed, the
RaT will not tear loose at aircraft lindt speeds. min accur-ulator with pressurized
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I
fluid trapped behind a check valve supplies energy for deploying the RAT.

Electrical power for deploying the RAT is supplied by the battery bus. In
flightv, deployment of the RAT can be either automatic or manual. When the
selector switch is in the automatic position, deployment of the RAT is auto-
matJc with the loss of three engines, i.e., two inboard engines and either
outboard engine. The generator low frequency drop out circuits on the gere-
rator constant speed drive units are used as the sensing device for detecting
thp. loss of three engines.

in conclusion, it can be stated that the C-5A is in compliance with the
intent of this requirement.

Di.s9ussion

The extent to which the requirement addresses the subject is considered
insufficient. The reason is that tne need for the kind of standby aystem
ordina,-ily used (Ram Air or Hydrazine powered) occurs infrequently. Un.less
an operational test of the system is required and perfozned checked periodi-
cally in flight, the reliability of the system cannot be demonstrated.

Recommendation

Add the following sentence to the r.quirement: "Requirements for periodic
ground tests as determined by the contractor shall be incorporated into the
airplane maintenance handbook and requirements for periodic checkout in flight
shall be provided wt.en necessary."
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tieguilrement

5.1.9 Invulnerability. Degradation in flight control system operation due
to variations in natural environments, adverse events of nature, induced
envirorgLents, onboard failure of other system , maintenance error, flight
crew error or enemý actions shall be within the following limits.

5.1.9.1 Invulnerability to Natural Enviro:.znents. Flight control systems
snall be designed to withstand the full range of natural environmental
extremes established for the particular vehicle or system without permanent
degradation of performance below FCS Operational State I, or temporary
degradation below FCS Operational State II. Reductions below State I
snail be experienced only at adverse environmental extremes not normally
encountered and shall be transient in nature only; and, the function shall
ue recovered as soon as the aircraft has passed through the adverse environ-
:..ent. System componen-s and clearances with structure and other components
ahall be adequate to preclude binding or jaznnirg, instaoility, or out of
specification operation of any portion of the system due to possible com-
binations of temperature effects, ice formations, loads, deflections,
including structural deflections, and buildup of manufacturing tolerances.

5.1.9.2 Invulnerability to Lightning Strikes and Static Atmospheric Elec-
tricity. Flight control system shall maintain State II capability or better
when subjected to electric field and lightning discharges as specified in
111,-b-5Ob7 and in AFSC Design Handbook DH 1-5, except that a temporary,
recoverable, more ?xtensive loss of performance to State III is allowable
in the event of a direct lightning strike.

3.1.9.3 Invulnerability to Induced Environments. Flight control systems
shall withstand the full range of worst case induced temperatures and tem-
perature shock, acceleration, vibration, noise and shock, induced pressures,
explosive and corrosive atmospheres, electromagnetic interference (041),
and nuclear radiation, including electromagnetic pulse, projected in missions
for the particular aircraft, without permanent degradation or loss of
capability to maintain PCS Operational State II capability. These induced
environments within structural and crew survival limits shall not result in
temporary degradation during the exposure to the environment below FCS
Operational State IV capability. The FCS shall meet the requirements of
VI.IL-x-8892, NlL-A-8893, and the applicable requirements of MIL-E-6051 and
VIL-STD-461.

3.1.9.4 Invulnerability to Onboard Failures of Other Systems and Equipment.
The FC3 shall meet its failure state/reliability budget, as allocated within
the weapon system, for self-generated failure (within the FCS) and for those
Ki failures induced by failures of other interfacing systems within the
weapons system (3.1.6, 3.1.7). In addition, the FCS design shall comply
with the following:
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a. Essential and flight phase essential flight control systems shall retain
FCS capability at Operational State III (minimum safe) or better after sus-
taining the following failures:

(1) Failure of the critical engine in a two-engine aircraft

(2) Failure of the two most critical engines in aircraft having three
or more propulsive engines

(3) Failure of any single equipmnent item or structural member which, in
itself, does not cause degradation below State III. This includes any plaus-
ible single failure of any onboard electrical or electronic equipmient in any
subsystem of the aircraft.

b. Flight control systems, includ~ing the associated structure and power
supplies on MJI,-F-8785 Class III aircraft, shall be designed so that the
probability of losing the capability of maintaining FCS operation to no less
than State IV as a result of an engine or other rotor burst is extremely remote
(6.6).

c.* Flight control systems, including the associated structure and power
supplies on ?MIL-F-8785 Class I, 11, and IV aircraft, shall be designed so
that the probability of degrading FOCS operation below State V as a result
of an engine or other rotor burst is extremely remote (6.6).

3.1.9.5 Invulnerability to maintenance error. Flight control systems shall
be designed so that it is physically impossible to install or connect any
component item improperly without one or more overt modifications of the
equipment or the aircraft. Provisions for adjusting the flight control system
on the aircraft, except during initial buildup, major overhaul, or rigging
during major maintenance activities, shall be minimized. All line replaceable
units (UIU' s) shall be designed to permit making internal adjustments only
on the bench. The system shall require only a minimum of rerigging following
replacement of LRU's. In addition, all control linkages and other flight
control mechanisms shall be designed to resist jammning from inadvertent entry
of maintenance tools or other material.

3.1 .9.6 Invulnerability to pilot and flight crew inaction and error. Flight
control systems shall be designed to minimize the possibility of any flight
crew member controlling or adjusting system equipment to a condition state
which could degrade FCS operation.

a. Protection against improper position and bequencing of controls - Wherever
practical, cockpit controls, other than stick or wheel and rudder pedals, shall
be equipped with positive action gates to prevent inadvertent positioning which
can compromise safe operation of the aircraft. Positive interlocks to prevent
hazardous operation or sequencing of switches shall be provided.
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b. Protection against inflight engagement of control surface locks.

c. Pilot reaction to failure - Flight control systems shall be designed to
that the normal pilot reaction to cues provided by probable failure conditions
is instinctively correct.

d. Warning requiremeiits:

(1) Warning information shall be provided to alert the crew to unsafe
system operating conditions. Systems, controls, and associated monitoring
and warning meais shall be designed to preclude crew errors that create
additional hazards.

(2) A clearly distinguishable warning shall be provided to the pilot
under dll expected flight conditions for any failure in a redundant or moni-
tored flight control system which could result in an unsafe condition if the
pilot were not aware of the failure.

5.1 .9.7 Invulnerability to ene•r7 action. Essential and flight phase essential
flight control systems, including associated structure and power supplies, on
all aircraft designed for combat operations shall withstand at least one direct
encounter from the threat defined by the procuring activity without degradation
below Operational State III.

ComParison

3. .9 Invulnerability. The following validation comparisons discuss the
requirements which limited the degradation in FCS operation under the
influence of the various defined environmental conditions. Genera'ly, only
a temporary performance degradation (such as reduced response and variations
in pilot feel forces) was encountered when the aircraft FCS was subjected to
the adverse conditions of the environment.

3.1.9.1 Invulnerability to Natural Environments. The C-5A FCS was designed
to comply with the natural environment requirements of Contract End Item (CEI)
specification CP 40002-1A. The air vehicle was designed to be capable of
executing the required design mission in all conditions of weather and cli-
mate in any area of the world using the MIL-STD-210 values for temperature,
humidity, rain, snow, dust, and atmospheric pressures. The wind gust criteria
for the FCS was met as noted in the validation discussion for Paregraph 3.1.11
structural integrity. The criteria for natural environment defined in AFSCIM
80-1, Volume I, Part A, Chapter 8, was used in the definition of specific
conditions which included those discussed above .n addition to solar radia-
tion, lightning, fog ice-fog, dewjhail, icirn, sleet, frost, salt-spary,
sand, clouds, and fung,5us. The aircraft desigTn met the environmental require-
ments by the appropriate selections of materials, components, and systemo.
The aircraft used environmental control systems for functions related to
control of personnel and equipment enviror=2nt, such as the aircraft pres-
surization and temperature control system. Other external systems i.ere used
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such as rain removal (windshield), ice protection (for airfoils and equip-
ment) and lighting systems. Tne aircraft FCS components and clearances
with structure and other components was adequate to preclude binding or
jamming, instability, or any other system degradation due to combinations
of temperature effects, ice formations, loads, deflections, and manufacturing
tolerances. T1e aircraft was designed to withstand the required range of
natural environmental extremes without permanent degradation of the FCS

performance below operational State I or temporary degradation (of a tran-
sitory nature) below operational State II. FCS critical subsystems and
functional components were subjected to environmental testing in accordance
with 1IL-STD-810 and the aircraft was subjected to extreme environmental
climatic tests, including the IdL,-T-5289 test requirement.

5.1.9.2 Invulnerability to Lightning Strikes and Static Atmospheric Elec-

tricity. The C-5A aircraft was designed to provide protection against a
lightning strike such that the lightning discharge current can be carried
between any two points on the aircraft without the risk of damage to the
FCS. The guidelines of ýI.L-B-5087 were followed to provide lightning pro-
tection and electrical bonding. Electrical bcnding and/or lightning arrestors
were provided for stroke guidance for any electrically isolated conducting
objects or structure in the aircraft. The significance of lightning strikes
on the C-5A F`CS is reduced to some degree by the fact that dual mechanical
control systems are the primary FCS modes whereas the more vulnerable elec-
t~ic~i augmentation systems serve a lesser role. Precipitation static
(electricity) was reduced by the use of static dischargers.

3.1.9.3 Invulnerability to Induced Environments. The C-5A FCS was
designed to comply with the inducee environment requirements of CEI
specification CP 40002-IA and the guidelines of AFSCM 80-i, Volume I,
Part A, Chapter 8. The design requirements covered the full range of
induced environments resulting from the operational envelope of the aircraft
operating within the worldwide natural environment extremes as defined in
IIL-.TD-210 and discussed above. Induced environments considered such areas
as high temperature, temperature shock, vibration, mechanical shock, noise,
acceleration, explosive or corrosive vapors, nuclear radiation, sound, electro-
magnetic interference, and exhaust gases. The FC6 elements were designed to
operate satisfactorily without loosening, malfunction, or failure in the
indiced vibration, mechanical shock, and acceleration environment which may
emanate from the flight envelope or engine or equipment--acoustic energy
or mechanical vibrations. Direct and induced temperature changes versus
time and their effects on the aircraft, FCS, P0S elements and FCS power
supplies which could ar"-se within the flight envelope both without and
during simultaneous operation of adjacent equipment or systems were con-
sidered. The F-S was not adversely affected by the electromagnetic inter-
ference (adZI' limits which were designed to MJL-STD-826 or the electrical
power transi nts which were .imited as defined by MIL-STD-70&.

17179 A•

°I



3.1.9.4 Invulnerability to Onboard Failures of Cther Systems and Equipment. -

The C-5A aircraft and FCS met the CEI CP 40002-IA design goals for mission N

accomplishment reliability and flight safety. These requirement goals pre-
cluded (within the defined limits) self-generated failures within the FCS
and FCS failures which may have been induced by failure of other interfacing
systems and equipment. The reliability goals were to achieve operation of
the aircraft such that 90 percent of all dispatched sorties reach their
destination without a major subsystem failure, an additional 8 percent of
the sorties may be subjected to failures which do not aboxt the mission and
up to 2 percent of the sorties may experience failures which would allow
aborting at departure or landing short of the intended destination. The
flight safety goals stated, "The air vehicle shall be designed to the highest
standard of fabrication, function, and operation and shall incorporate those
safety features necessary to insure that failure of the air vehicle or of its
components will not create a hazardous con-.ition by reason of its mode of
failure or by the direct effect of such failure on the air vehicle, related
equipment or personnel."

The above conditions are contingent upon reasonable aircraft condition,
proper maintenance, and qualified crew. Additional elaboration is made
on these areas in the validation discussions for Paragraphs 3.1.6, "Mission
Accomplishment Reliability," and 3.1.7, " quantitative Flight Safety."

The C-5A FCS has no single function which is essential or flight phase
essential as noted in the validation discussion for Paragraph 1.2.3,
"FCS Criticality Classification." Multiple FCS failures are required to
degrade the FUS below operational State III. This includes failure of the
two most critical engines or hydraulic systems or failure of any single
equipment item or structural member which, in itself, does not cause degra-
dation below operational State III. The aircraft can maintain operational
State IV after the loss of all four engines by the deployment of a Ran jir

-Turbine (R&T) as noted in the validation discussion for Paragra;h 3.1.8.1,
"All Engine Out Control."

3.1.9.5 Invulnerability to Maintenance Error. The C-5A FCS was designed
to achieve CEI design goals for qualitative and quantative maintainability
characteristics such that the planned mission could be accomplished with
a minimum (guaranteed) number of manhours, elapsed time, personnel skills,
ground equipment and technical data. This helped to develop a FCS which
was simple and less vulnerable to maintenance errcr.

The FCS design required that it be physically impossible to install cr
connect any element or component incorrectly without extensive modifica-
tion. An example is the cable attachment shown in Figure No. 1 (3.2.5.2.4.3)
where the cable tuXLAbuckles are staggered such that cross connection of the
cables is impossible. All adjustment devices have mechanical locking pro-
visions, such as the turnbuckle locking clip shown in Figure No. 2 (3.2.3.2.4.3).
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The FCS, for the design goal of fouling prevention, was designed tc, have the
transmitting elements protected and was configured to resist jamming by
foreign objects as noted in the validation discussion for Paragraph 3.2.5.1.3.

The number of rigging positions and operations were kept to a minimum with
easy accessibility as noted in the validation discussion for Paragraph
.5.2.3.1.4. See Paragraph 3.1.10.3 for additional validation discussion for
ready accessibility and serviceability of r•YS components which reduced the
vulnerability of the ?CS to maintenance errors. All the FCS LRU components
were designed to require internal adjustments to be made on the bench. All
the "bench adjustment" areas on the LRU's were sealed and stamped by the
cognizant inspection authorities. Replacement of LRU's only requires a
minnimum of rerigging of the FS.

J..1.9.6 Invulnerability to Pilot and Flight Cr*w Inaction and Error. '1he
C-5_9 Fý was designed to provide indications to minimize the possitility of
any flight crew member maneuvering system equipment to a condition state
which could degrade FCj operation.

As a protection against improper positioning and sequencing of FCS action,
the cockpit controls are equipped with positive action indication. The
pitch, roll and yaw axes controls have neutral position centering and con-
troller feel force systems which provide increasing pilot action forces
with increasing controller and contrcl surface movement. The roll and yaw
axis FCS have the same force gradient for all speeds, but the pitch axis
has an increasing force gradient as a function of increasing aircraft
s.:red.

The rudder surface deflection capab:.lity is proportionately limited as a
function of increasing airspeed by a rudder limiter in the input system.
The pilot can remove the rudder limiter stops by actuation of a "rudder
limiter" switch on the overhead instrument panel.

The flight spoiler (roll control) panel deployment authority is limited
automatically by retraction of the wing flaps. Deployment of the wing
flaps automatically restores full authority to and slightly up rigs the
flight spoiler panels. The secondary controls, wizz flaps, ground spoilers,
and norizontal stabilizer trim have pilot actuated control handles which
have position detents and markings. In addition, these functions, as well
as all trim functions, have instrument indicators which indicate the con-
trol surface position to the pilot.

The ground spoiler control handle is locked in the closed position in
flight. The spoiler handle lock is normally removed by the sequence of
operations of the throttles in or aft of the minimum cruise position,
wheel spin-up, and aircraft touchdown. A throttle interccnnect auto-
matic~lly moves the ground spoiler handle to the closed position when the
throttles are advanced to take-off power.
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The ground spoiler handle lock-out can be overridden by the pilot. The
pilot has visual indication of the ground spoiler ha.idle lock-out posi-
tion.

The surface locks cannot be engaged in flight since this function is
assured by check v&lves within the hydraulic servo actuators when the
hydraulic systems are de-energized and the input control valves are held
in a stationary po~sition. Ever. when the hydraulic systems are de-energized
in flight, pilot movement of the primary controllers will move the main
control valve allowing hydraulic fluid within the actuators to bypass and
let the surface float. The pilota' normal and emergency flight procedures
outlined in the ojerational flight manuals contain descriptions of cues
and indications provid 3d to the crew by probable failure conditions and
define the corrective action required to control the aircraft. Failure
indications may be provided by indicator lights and instruments, changes
in the aerodynamic response of the aircraft, or changes to the controller
response and/or feel forces,

Redundant systems such as the primary FCS stability augmentation have a
continuces on-line monitor and failure detection system which automatically
switches channels and gives indication to the pilot following a failure
mode. All failuie modes were examined to determine that recognizable
failure indications would be forthcoming so that corrective action could
be taken within the allowed recognition/response time by the trained pilot.

5.1.9.7 Invulnerability to Enegy Action. The C-5A FC3 was designed with
a level of system redundancy and separation to permit at least one direct
encounter of enemy action damage equivalent to the e'ailure modes defined
in the validation discussions for Paragraphs 1.2.2 and 1.2.3. Since there
are no single FCS functions which are essential or flight phase essential
multiple failures would be required to degrade the FCS below operational
.State III as noted in Table No. 4 (1.2.3) and Table No. 5 (1.2.3).
This would include failure of tne two most critical engines or hydraulic
systemst. The aircraft can maintain operational State IV after the loss
of all four engines by deployment of the RAT.'.

Discussion

These are all valid requirer.,ints which have been satisfied by the C-5A
FCS design and can be demonstrated. Thesc requirements should be specified
for all future transport type aircraft.

Recommendation

ztetain the requirements as stated.
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Requirement

3.1.10 Maintenance Previsions. FCS design and installation shall permit
normally available maintenance personnel to safely and easily perform
required maintenance under all anticipated environmental conditions. Means
shall be provided to facilitate the accomplishment of all required main-
tenance functions including: operational checkouts, system malfunction
detection, fault isolation tc the LRU (line replaceable unit) level, LRU
removal and replacement, inspection, overhaul, servicing, and testing.

Comparison

The C-5A flight conte'ol systems were designed with performance, reliability,
maintainability, and simplicity as primary objectives. Provisions for all
the maintenance functions included in the requirement were incorporated in
the design of the systems. The C-5A flight control systems comply with the
intent of this requirement.

Discussion

There are no additional items recommended for inclusion in this requirement.

Recommendation

Accept "as is."
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Requirement

3.1.10.1 Operational Checkout Provisions. Flight control systems shall
be designed with provisi ,*1 for operation on the grovndr w1thout operating
the main engines, to verify system operation and freedom from failure to
the maxim=m =rYent practical. They shall be designed to operate with the
power gener.ttion subsystems supplied by standard Air Force ground carts,
as specified -., the procuring activity or by self-contained power supplies.

Comparison

Th'. C-5A flight cc-ntrol systems are capable of being operated and completely
checked out on the ground wi*;hout having to operate tLe main engines. There
are two w•ys electrical and hydraulic power can be supplied to the systems.
One way ia to operate the APU. The APU provides 115 volts AC and 28 volts DC
electrical ;rower as well as hydraulic power directly to systems No. 1 and No.
4. The Air Turbine Motor (ATM) driven punps provide 50 GPM to each system.
This flow rate Is sufficient to check out each control system, one at a time.

Another way to check out t'e iontrol systems is to supply external electri-
cal and hydraulic power to •he aircraft using the Tyrpe AA52A-60 generator
set and the W-2 hydraulic power unit. Their power sourcts are standard
Air Force AGS and are available at all the Air Force facilities where C-.5's
are based.

Figure No. 1 (3.1.8.1) shows the hydraulic schematic indicating the tie
in of the APU and ATM units. Figure No. 1 (3.1.10.1) is the hydraulic
control panel showing the ATMO switching functions.

Discussion

This is a valid requirement which has been satisfied by the C-5A design
and can be readily demonstrated. This requirement should be specified
for all future transport type aircraft.

Recommendation

Accept the specification "as is."
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Requirement

3.1.10.2 Malfunction Detection and Fault Isolation Provisions. Means pro-
viding a high probability for detecting failures and monitoring critical
performance conditions as required to isolate faults to the LRU level shall
be incorporated in all flight control electrical and electronic systems
required to perform essential and flight phase essential, functions. These
means may include cockpit instrumentation and built-in test equipment. For
the mechanical and fluid power portions of the flight control system, provi-
sions for the use of portable test equipment may also se incorporated as
required to meet the maintenance support and operational concept of the
particular weapon system.

Ccmparison

The C-5A was designed with malfunction detection and isolation to a LRU
as a basic design requirement. The isolation of a failure to a LRU
utilized the built-in tests (BIT), flight instrument warning flags,
annunciators, system automatic monitoring, and the Malfunction and Detec-
tion Analysis and Recording System (MADAR).

Throughout the C-5A design requirements the integration of malfunction
isolation into the design was prevalent as shown in this excerpt from the
CEI specification on Flight Controls, CP 40002-6B:

"3.3.1 General Design Features. The Flight Control Subsystem shall
be simple, direct and foolproof as possible with respect to design,
operation, inspection and maintenance. Emphasis shall be placed on
simplicity of mechanization, ease of maintenance, and minimum of
dependence on Aerospace Ground Equipment...."

The APCS aystems listed below were originally designed as essential and
flight phase essential, but are not now considered as such, meet the
intent of the requirements of this paragraph.

"o Angle of Attack System
"o Stallimiter System
"o Roll, Yaw and Pitch Stability Augmentation
"o Autoland System

Techniques and indicators are available in the C-5A which may be used to isolate
functional failures in the mechanical and fluld power portions of the flight
control system. Most of the failure modes for the MSCS and AFVS and the related
indications and corrective actions are covered in detail in the FCS failure
effects analysis in Lockheed Report 101US42-2-1.
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The MKVS maintainability f'unctions serve as a malfunction detection means;
i.e., during grjund checkout of the systems. Portable test equipm~ent ana
ground electrical and hydraulic power carts are used to support these func-
tions.

Discuss ion

It is felt that the requirement for a "high probability for detecting
failure" is not conclusive and the requirement stated in Paragraph 5.1 .3.9.1,
first sentence, should be used here but be deleted from Paragraph .3.1..3.9.1.

Reconmmendation

Revise the requirement as follows:

Change first sentenced from: "Means providing a high probability for
detecting failures...." to "~Means providing a 90~% probability for
detecting failure...."
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ReSuirement

3.1.10.2.1 Use of Cockpit Instrumentation. Where acceptable procedures
result or are provided, cockpit instrumentation may be used for malfunction
detection and fault isolation where it provides readily understandable
condition indication either alone or in coordination with built-in test
equipment, or with po.rtable test equipmnevt (for nonelectrical and nonelec-
tronic components).

Comparison

The C-5A MSV utilizes cockpit instrumentation for malfunction detection
arnd fault isolation. The A<FCS utilizes self-test &long with the cockpit
indicators to isolate to a failure. No portable test equipmnent is used.
The C-5A meets the intent of this requirement.

Di scuss ion

The C-5A experience indicates that there is a level of BIT or self-test
beyond which it becomes very costly or impractical to isolate to the faulty
LRU. Therefore, the use of some type of carry-on break-out panels or test
equipm~ent should be allowed in these remote cases.

The last sentence of this requirement references "portable test equipment
(for nonelectrical and nonelectronic components)." This statement indicates
that portable test equipmnent can be used only for MFS, yet requirement
3.1 .10.2.2 allows the use of portable test equipmnent under specific condi-
tions.

Recommnendation

Revise the requirement as follows:

Delete "(for nonelectrical or nonelectronic components)" from end
of paragraph.
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Requirement

3.1.10.2.2 Provisions for Checkout with Portable Test EQuipment. Where
the use of built-in test equipment would cause excessive penalties and
whtere the use of portable teat equipmient is compatible with the maintenance
support concept, provisions shall be made to permit the use of generally
available and commonly used portable test equipmlent. Components which
require peculiar, special, or new items of test equipment shall be avoided.

Comparison

The C-5A meets the intent of this paragraph since the F'CS checkout is
performed without the use of portable test equipmnent.

Discussion

The last sentence of this requirement does not allow any improvement in
the state-of-the-art in FOS beyond that which would exist at the time this
specification is imposed. In addition, the last sentence will not allow
a design if the aircraft mission or construction requires new equipment
which then requires new test equipmnent.

The use of generally available and commonly used portable test equipmient
should be emphasized, but the design should not be constrained completely
due to a test equipment requirement.

Recoemmendation

Revise the requirement as follows:

Change last sentence to read, "Components which require peculiar,
special, or new items of test equipm2ent shou.ld be avoided unless
dictated by aircraft design, mission requirements, or state-of-
the-art improvements."
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5.1.10.3 Accessibility and Serviceability. Components shall be designed,
installed, located, and provided with access so that inspection, rigging,
removal, repair, replacement, and lubrication can be readily accoeplished.
3uitable provisions for rigging pins, or the equivalent, shall be made to
facilitate correct rigging of the control system.

eoinLaritor.

The C-5A FCS was designed to the CEI maintainability requirements which were
contractually guaranteed and had to be demonstrated. The requirements speci-
fied qualitative and quantative maintenance characteristics to accomplish
the aIr vehicle mission with a minimum of maintenance manhours, elapsed
tic, personnel skill, ground equipment, and technical data. Service ard
accecs for r::intenance of the aircraft were achieved by having the design
ef thqe air vehicle, equipment, and ground support equipment consider the
rnquire:-.er3ts of maintainability, reliability, self-sufficiency, and human
factors. The detail accessibility and serviceability considerations included
t:e fcllaw)in•g:

" The desig-n of mechanical/hydraulic/electrical control elements
were such that removal and replacement could be accomplished
wnith a minimum disturbance of the rigging.

"o The use of tools and ground support equipment made maximum
use of the stock inventory equipment and minimized the need
for special maintenance equipment.

"o Ail maintenance areas were accessible to personnel wearing artic
clothing and with a minimum removal of access panels or plates,
covers, and adjacent components or equipment. Access panels
were equipped with quick disconnect fasteners.

Internal access areas such as the empennage used an integral access ladder
as shown in Figure No. 1 (3.2.5.2.4).

rigure-No. 2 (3.2.5.2.4) shows the arrangement of access panels in the
lower wing for servicing the roll control system and represents a typical
access arrangement.

,kl equipment or components which were physically interchangeable also had
to be functionally interchangeable. Where practical, FCS equipment and
L'IU's nad to be capable of being handled by one man without the use of
special ground handling equipment. Where practical, test points aad power
receptacles were located and identified in a central location, for a particu-
lar subsystem.

The kFC was designed to accommodate easy servicing and rigging and to have
a mini•um number of adjustments. The MKS used a minimum number of rig pine.
The rig pins were made accessible and identified by streamers in critical
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applications. To assure a cleared and functioning system a rigid functional

checkout was required of any system subjected to a rigging mnaintenance~ action.

-Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design
and can be demonstrated. This requirement should be specified for all future
transport type aircraft.

Re commnendation

Retain the requirement as stated.
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Requirement

3o1.10.4 Maintenance Personnel Safety Provisions. Systems and components
shall be designed to preclude injury of personnel during the course of all
maintenance operations including testing. Where positive protection cannot
be provided, precautionary warnings or information shall be affixed in the
aircraft and to the equipment to indicate the hazard, and appropriate warnings
shall be included in the application maintenance instructions. Safety pins,
jacki, locks, or other devices intended to prevent actuation shall be readily
accessible and shall be highly visible from the ground or include streamers
which are. All such streamers shall be of a type which cannot be blown out
of sight such as up into a cavity in the aircraft.

Comparison

The C-5A FCi was designed to the personnel safety and ground safety require-
ments of CEI CP 4 0002-1A. The ground safety requirements were met by having
ground operations, maintenance procedures and maintenance equipment designed
to minimize human error or failure of equipment, injury to personnel, and
damage to the air vehicle. The air vehicle and FCS design allowed the main-
tenance operations to be performed without significant hazard to the service
personnel. Where hazardous maintenance operations could have resulted from
incorrectly following procedures, the maintenance directives emphasized cau-
tion and explicit procedures; where practical, precautionary warnings were
affixed to the FCS components.

The placement of maintenance access areas were designed to p2ace personnel
adjacent to the equipment or components in a manner which kept them as
clear as practical from the moving elements. Personnel restraint harnesses
were mandatory for all maintenance in high areas and which were not accessible
to work stands such as on top of the wing or horizontal stabilizer.

Naintenance procedures for the FCS makes use of rig pins or safety locks
to prevent inadvertent movement or actuation of other systems. During
maintenance operation of the FCS, close coordination between all personnel--
such as personnel in the cockpit operating the controls, external observers,
and personnel adjusting or checking the equipment--must be constantly main-
tained using electrical/electronic communication equipment. Other maintenance
operations which could possibly be in conflict or cause a hazard to the one
being performed, were prohibited. All personnel were instructed to keep
clear of control surfaces and moving elements of the FCS during actuation
of the systems.

Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design
and can be readily demonstrated. This requirement should be specified for
all future transport typ aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.1.11 Structural Integrity

3.1.11.1 Strength The overall flight control system shall be designed
to meet the applicable load, strength, and deformation requirements of
MIL-A-8860, mLIL-A-8861, MIL-A-8865, MIL-S-8698, and mIL-STD-1530. The
components of the systems shall be designed in accordance with the strength
requirements of MIL-A-8860, mIL-C-6021, MVf .F-7190, MIL-A-21180, XIL-A-22771,
mmIL-F-83142, MIL-HDBK-5, and kIL-HDBK-17.-

3.1.11.1.1 Damage Tolerance. Those structural elements of the flight
control system that are essential to safety of flight (to control essential
and flight phase essential functions) shall meet the damage tolerance require-
ments of MIL-A-83444.

3.1.11.1.2 Load Capability of Duiul-Load-Path Elements. The load path
remaining after a single failwue in dual-load-path elements shall meet
the following requirements:

a. Where the failure is not evident by visual inspection or by obvious
changes in control characteristics, the remaining path shall be capable of
sustaining a fatigue spectrum loading based on one overhaul period. The
time interval corresponding to an overhaul period shall be established by
the contractor. The remaining path shall also withstand, as ultimate load,
loading equal to 1.5 times the limit loads specified in MIL-A-8865, or 1 .5
times the load from an alternate source, such as a powered actuation system
or loads resulting from aerodynamic or other forces, if such load is greater.

b. Where the single failure is obvious, the remaining load path shall be
capable of withstanding, as ultimate load, loading equal to I .15 times limit
loads specified in MIL-A-8865, or 1.15 times the load from an alternate
source, such as a powered actuation system or loads resulting from aerodyna-
mic or other forces, if such load is greatei,.

Comparison

The C-5A FCS was designed to meet the structural integrity requirements speci-
fied in the Contract End Item (CEI) documents CP 40002, Volumes 1, 2 and 6.
The applicable military specifications included mIL-A-8860, zmL-A-8861, and
MIL-A-8865 for general aircraft system strength and rigidity requirements.
Gereral materials properties were selected in accordance with MIL-Har,.books-5
and -17. Where applicable aluminum castings were designed to MIL-C-6021 and
aluminum forgings were designed to MIL-F-7190 and MI]3A-22771. The uses of
any new state-of-the-art materials were subject to the most current speci-ý,
fication in effect at that time and to the approval of the customer. The
FCS design application assured that no elements of the system were subjected
to operation, either intermittently or continuously, at loads greater than
those for which the part had been designed. The FCS elements were designed
to withstand the design limit loads and thermal effects without detrimental
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deformation. The design limit load was the maximum load normally required
for aircraft operation. The FCS elements were designed not to yield at
the specified limit load. The ultimate load was obtained by multiplying
the design limit load by 1 .5. All margins of safety in the stress analysis
were shown to be no less than zero. All FCS elements were subjected to
static and fatigue load testing to ve-rify compliance with the CSI require-
ments. Additional detail discussion or the FCS structural integrity is
contained in the validations for Paragraphs 3.1.11.3, 3.1.12, 3.2.3.2.1,
3.2.3.2.2, 3.2.6.1.1, 3.2.6.1.2, 3.2.6.4, and 3.2.6.7.1.1.

The philosophy to achieve a fail safe design included the use of multiple
load paths and actuation systems. A typical example is shown in Figure No.
3 (3.2.3.1.1) for pitch axis control system. The FCS configuration design
goals included providing for failure detection during routine service inspec-
tions and incorporated desiri practices to minimize crack initiation and to
preclude their propogation.

The load capability of dua load-path elements provided for each element of
the input system to be gocl for a limit load of 75 percent of two pilots.
The dual actuation systems were designed to provide the required limit load
margin for the remaining system following a single failure.

The damage tolerance requirements w re essentially covered by the CEI

criteria for the FCS redundancy and were approved by the customer.

Dis :ussion

This is a good requirement which has been essentially satisfied by the C-5A
control system design and can be readily demonstrated. MIL-A-21180 was nct
applicable to the C-5A since no high strength aluminum alloy castings were
used. The C-5A flight control systems were designed to requirements which
met the intent of NIL-A-83444 for aircraft damage tolerance requirements
and MIL-JTD-1530 for aircraft structural integritf progiam requirements.
Therefore, the impact of full compliance would be minor. This requirement
should be specified for all future transport type aircraft.

Recommendation

Accept the specification "as is."
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Requirement

3.1.11.2 Stiffness. The stiffness of flight control systems shall be suffi-
cient to provide satisfactory operation and to enable the airc.aft to meet
the stability, control, and flutter requirements as defined in the applicable
portions of MIL-F-8785, mIL-A-8870, mIL-F-83300 and NIL,-A-8865. Normal
structural deflections shall not cause undesirable control system inputs
or outputs.

Comparison

The C-5A FCS design meets the requirements of MIL-A-8870 and NLf-F-8785
which required the aircraft to be free of any flutter, buzz, divergence,
and other dynamic aeroelastlc, aerothermo-elastic, and aeroservoelastic
instabilities of the aircraft and its relevant components at all speeds up
to 1.15 VL for all design ranges of altitudes, thermal conditions, and
maneuvers where losses in rig dity could occur. Compliance was demonstra-
ted by flight test and other test data, in addition to analytical data for
the increase of 15 percent in equivalent airspeed for all relevant design
points on the permissible flight envelope.

The aircraft fail-safe stability for speeds up to V was demonstrated to
be free from flutter, divergence, or other aeroelastic instabilities fol-
lowing any single probable malfunction of the main FCS, including the
augmentation system. The primary FCS control surfaces were mass balanced
to preclude flutter in the event of a loss of both hydraulic systems, except
the outboard elevators which utilized a triplex hydraulic actuator system
from three separate hydraulic systems. In addition the inboard elevator
surfaces use hydraulic dampers to guard against low frequency oscillation
in the event of a multiple failure mode.

MIL-F-83300 for V-STOL aircraft was not applicable to the C-5A design. The
applicable FCS sections of PU1L-A-8865 were met.
Discussion

This is a vilid requirement which has been satisfied by the C-5A control
system design and can be readily demonstrated. The "Users Guide" (AFFDL-
TR-74-116) discussion on this requirement Iq excellent and is a good example
of the type of coverage which should be provided for user information. This
requirement should be specified for all future transport type aircraft.

Reccmmendation

Accept the specification "as is."
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Requirement' .

3.1.11.3 Durability. Flight control systems shall be designed to meet, the
durability requirements of MIL-A-8866 and equal to that of the airframe
primary structure considering the total number of ground and flight load
cycles expected during the specified design service life and design usage
of the aircz ft from all commands; e.g., from the W.hCS, AFCS, servo feed-
back and from load inputs. The requirements of MIL-A-8892 regarding vibra-
tions and MIL-A-8893 regarding sonic fatigue also apply to the FCS.

Comparison

The C-5A air vehicle fatigue useful life design goal was 20 years or 30,000
hours of service life of which 6 percent was low , *el flight capability
and 12,000 landings of which 5 percent were to be on support area airfields,
which was specified in CEI CP 40002-lA. The applicable requirements of
MIL-A-8866 Airplane Strength and Rigidity Reliability requirements, repeated
loads and fatigue, were to the extent as specified in CEI CP 40302, Vol. 2.
The FCS sub-systems and component elements were designed and endurance tested
to have a fatigue life equal to or better than the overall air vehicle use-
ful life. The specific fatigue requirements were derived from mission pro-
file analysis, by contractural specifications or a combination of these two.,/
Refer to the validation discussions of Paragraphs 3.1.12, Wear Life, and
3.2.6.4.3, Actuating Cylinders, for additional detail fatigue life require-
ments for the FCS.

The C-5A FCS was designed to the environmental vibrations requirements of
MIL-A-8870.

Discussion

This is a good requirement which has been satisfied by the C-5A to the
extent specified in the CEI specification and it can be readily demonstrated.
Although the vibration and sonic fatigue specifications MIL-A-8892 and
K.IL-A-8893 were not applicable at the time of the C-5A contract the intents
of these requirements were imposed either by other specifications and other
analyses evaluations. This requirement should be specified for all future
transport type aircraft.

Recommendation

Accept the specification "as is."

Additional Data

The following is a typical servoactuator endurance life requirement table.
This example is for a rudder servoactuator. The load/cycle curve reflects
the hinge moment versus surface deflection curve which was followed for
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the surface deflection indicated. The input conmnads may be provided by acombinaticn of mechanical and electrical (E-H Valve) inputs. Endurance Life -
The servoactuator shall be capable of performing the nimber of loaded andunloaded stroke cycles, applied through the input system specified in thetable below:

RudderLoad/Cycle 
Surface Displacement__urve No. ofycles from Paired Position

""" 2,000 35" left 350 right(100%)"8,ooo 
11.00 left 10.50 right"280,000 5.50 left 5.3* right",,H, 41,00 1.10 left 1.0* right3,300,000 
0.2* left 0.20 right"K" 2 0 ,000(unloaded)

"L"L 2 9 0,000(unloaded) 3.5 left 3-5 right7 0 0 ,000(unloaded) 0.7" left 0.7* right
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Requirement

3.1.12 Wear Life. Mechanical elements of the FCS shall be designed to have
wear life equal to the wear life specified for tne overall aircraft. Parts
subject to wear, such as hydraulic seals, bearings, control cables, sensors
and hydraulic actuator barrels, may be replaced or their wearing surfaces
renewed after they exceed their useful life. However, all replacements shall
be wichin the FCS wear out-replacement budget established for the overall
weapon system. Electronic and other nonmechanical LRU's shall remain econo-
mically repairable and shall meet reliability requirements throughout the
specified airframe lifetime.

Comparison

The useful life design goal for the C-5A aircraft was 20 years or 30,000 hours
of service life as defined in the CEI specification SP 40002-IA. !.*echanical
elements of the FCS were designed to have wear life equal to the overall air-
craft either by mission profile analysis or by contractual specification.
The wear life requirements paralleled the fatigue life requirement cycles as
required by Paragraph '.1.11.3 and meet or exceed requirements specified for
the primary aircraft structure. The primary F`CS servo actuators were required
to meet a minimum of 5,000,000 endurance life cycles of various load and
Stroke Lombir-Ations of anticipated amplitudes, frequencies and surface actua-
tor loads which were related to the cyclic distribution defined in MIL-C-
5503C. All other FCZ met endurance life cycles, t,.e criteria specified in CEI
CP 40002-6B, which were compatible with the air vehicle life requirements.
The design goal of having the component parts wear life equal to the aircraft
life was reflected in the maintenance philosophy which permitted component
replacement on condition rather than on schedule. An example of this is the
FCS hydraulic servo actvator seal replacement. The KIL-SPEC permitted seal
replacement every 500,000 cycles, the detail component specifications con-
tained a design goal for seal life of at least 5,000,000 cycles endurance
life. Fany of the C .5A servo actuators, designed by the Bertea Corporation
of California, completed extended endurance testing of 10,000,000 cycles or
twice the required life. All KCS LRU's were debigned to meet overhaul cost
parameters (which were specified as a percentage of the original installation
cost) and accessibility and maintainability goals. These were designated to
assure incorporation of economically repairable units and to meet the relia-
bility requirements for aircraft life. See comparison section under Paragraph
3.1.11.3 for additional discussion of fatigue life.

Discussion

This is a good requirement which has been satisfied by the C-5A FC3, can be
readily demonstrated and should be specified :or all future transport type
aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.2 Subsystem and Co'moonent Desi.rn Reoui'e-mants

3.2.1 Pilot Controls and Displays. Wherever a FCS control, display or
annunciatoe is interfaced with redundant flight control channels, mechanical
and electrical separation and isolation shall be prowrded to make the prob-
ability of comon node failures at least extremely remote. FC3 controls
and displ-ys shall be designed in accordance with N.IL-STD-1472.

Comparison

The C-5A FC3 has redundant flight control chann,ýls in the A•C3 and in the
dual mechanical load paths for the pitch and roll control syste:s. 1Kechani-
cal system redundancy and separation is provided to precluce .hat • gh- be
considered "common mode failure." This is disoussed in detail in the vali-
dation discussion for Paragraphs 3.2.3.1.1, Control Element Routirg, and
3.2.5.1.2, System Separation, Protection, and Clearance. Eý,a=ples of the
dual mechanical systems are shown on Figares lio3. 1 (3.2. 3.11), 2 (3.2.3.1.1)

and 3 (3.2.3.1.1).

The AFCS incorporates redundant flight control channels, each capable of
performing the given functions and including failure detection monitorir.•
which accomplishes display annLnciation and autcmatic switching. :-echanical
and electrical separation and isolation are provided by placement uf s-itches,
displays, actuation components, and wire routing. Figure 1.o. 1 (3.2.1),
Pitch Augmentation Subsystem .ScheL.atic Diagrcm, represents the typical jtCs
stability augmentation system. The redundant circuits are shown for chan-
nels I and 2 for the LVDT and E-H valve control circuits. The forward over-
head panel display, shown on Figure No. 3 (3.2.1.1.7) shows the dual switch
arrangement which controls the hydraulic power distribution for the inboard
elevator servo actuators. Figure No. 2 (3.2.1) is a portion of the Ai$S
interface blook diagram which shows the ties between the FCS controls, dis-
plays, and the annunciator. Figure No. j (-5.2.1) indicates the pitch auc-
mentation fault logic. Figure No. 4 (3.2.1, indicates the pitch augmentation
fault logic. Figure No. 4 (3.2.1), AFCa Control Panel and A-nnmnciator Panel,
shows the controls and indicators arrangFement.

The C-5A AFCS controls and displays were desi,;ned to the hum.an engincerirn•
design criteria specified in Contr~ct End Item CP 40002-6B ,hich used criteria
and guidelines from MIL-H-27894, IIL-STD-803, and AFSC:3o-1, E0-3, and 60-6.
The C-9A AFCS was designed to achieve operational reliability and to main-
tain separation of independent functions with respect to operation from
counon power supplies and for maintenance requirements. The ASC3 utilizes
separate engagement of axes except for the autopilot roll and yaw axes
which utilize a co-on switch. The system was desigred to preclude -undesir-
able control transients when switching from one functional mode to another
or when disengaging the system from a steady state condition unless otherwse
dictated by operational requirements.

Redundancy circuitry and mechanization was employed to ensure that no single

199



PITCH AUTOPILOT ENGAGE SIG NO. 2 3
PtITCHI AUG ENGAGE SIG NO. 2

PITC14 AUTOPilOI ENGAGE SIG NO. 1 3
_____________ PITCH AUG ENGAGE SIG NO. 1 25

A Z

1ý0C
FLAP POSITION SIG NO. 2 10ATPL)

I PITCH/PACS
FLA POITIN 50 N. 1 2 COMPUTER

P521A 56 A269A
FLAPPOSIION 

IG N . 5155
4

PILOT*S NO. I ELEV, A 3
CABLE P05 XDCR P521A

P2An

_N)~~~~CPLO' NO. I ,NEL __j__q__

CA BI OS E R 1

K IIn

0 04

> > C, < TOC0N

ELECTRO-HY

RIH INORILE LEV
CHA 1- Y o.2 I CHA 2-HY SY N.

S--- _. ." z- .l-



Sj ~r-ITfCHAUGFAULT
-PITCIrc AUG INOSP

ANNUNCIATOR PNL
SLVDT SIG

EHV SIG _J LEFT INBOARD LEFT INSD

LVDT SIG ELEVATOR DRIV ELEVATOR
RPTSERVO ACTUATOREHV SIGCAL PSI

PITCH 
(2)

AUGMEN1TATION

CCPUTER' ,TLVDT SIGEHV SIGI RIGHT INBOARD RIGHT INBD
- ELEVATOR DRV ELEVATOR

LVDT SIG SERVO A T A O
EHV SIG (2)

GY•CHROT (3 IPILOT-COPILOT ELEVI
GYRO 3) I.--ICABLE POSITION

S FLIGHT JI TRANDUCER (2)" DRCO

S COMPUTER]

FLAP POS SIG (2) JF LAP POSITION
TRANDUCER

TOUCHDOWN
-N SRELAY SWITCHES

NO.. 5 AND NO. 6 SURFACE

HYD.

GND. ROUT TERLOCKS T SWITCHES

TES FUJTOA AUGMENTATIONI RUDDCR IRIM CONTROL PANEL*

I DYNAMIC PRESSURE (4) CADC (2)

TO MADAR

YAW LATERAL LVDT SIG

AuGMENTATIOI _ EHV SIG LEFT AILERON DRI LEFT
COMPUTER LVDT SIG SERVO ASSY D AILERON

EHV SIG (2) ACTUATOR

LVDT SIG'

EHV SIG RIGHT AILERON ' RIGHT

LVDT SIG SERVO ASSY DRIVE AILERON
S I(2) ACTUATORftiV SIGo

YAWV ATF LVDT SIG

(."PO (3) SIG UPPER RUDDER DRIVE UPPER
LVDT 3IG SERVO ASSY RUDDER

iOtLL RAt j EiiV.,G (2) ACTUATOR

GYRO (3) .LVDT SIG

E14V SIG LOWER RUDDER I OWERI

LVDT SIG SERVO ASSY DRIVE RUDDER

_EHV qIC ( ACTUATOR

FIGURE NO. 2(3.2.1) AFCS INTERFACE BLOCK DIAGRAM

201

-~ ----- "---_ ___ ____ __ ___ ___ ___44



ot 0z U.U.jl

Z 00 I0

zU 0

< a

Ij --] - b- Z U AIJ
4zu

atO

00

SELI

0 0 0 0 o 6 >, > > >. 0 0 d

J JJ 4i 4j6

w w w 0U 09 U z+Z Z Z Z Z Z Z Z z z of

U. U. U~ U. * Uj .J U U U~ Z. Z_z z Z z z 22

= = Z = ".- > 4"'=>

3: 0

20 CA .o"

0 . . a. a a- 0 0 0 0 0
z I. I. I. #-

2:2 2 :> > > >
t. U U U -J - -J -A 0 0

LU L w .- L

00

0.

202 a



PILOTS AuTOTHROTTLE THROTTLE FRICTION COPILOT'S AUTOTHROTTLE

DISCONNECT SWITCH LEVER DISCONNECT SWITCH

FLIGHT AUGMENTATION PANEL

FLIGHT AUGMENTATION .0. -

1,~IS AU -. II -- I,

- F-.... Ell :z l~

AFCS CONTROL PANEL

C. S', i. /SI m l' _!lllriS... .ASS / -' S.. .. I .... I: .... ' ,/,I I

PORTION OF ANNUNCIATOR PANEL

FIGURE No. 4(3.2.1) AFCS CONTROLS AND INDICATORS

203



malfunction could ceuse catastrophic damage to the aircraft.

Discussion

The last sentence of this requirement is too stringent and should be changed
to allow the designer to utilize all design parameters in addition to the
IIL-bTD-1472 human engineering criteria and guideline for an integrated sys-
tem. The C-5A used 1-IL-STD-803 in the design of controls and displays for
criteria and guidelines. IaL-STD-803 was superseded by IaL-=TD-1472 which
is a general specification on human engineering aspects to the design and
does not specifically dictate basic design of controls or displays. It is
felt that the C-5A meets the intent of this requirement, but a revision should
be made 1;o the last sentence to clarify the intent. This will prevent a great
number of formal deviations which would otherwise be unnecessary since cockpit
arrangements and displays are always a compromise between many requirements
and subject to customer concurrence ith mockups.

Recommendation

Revise the last sentence of the requirement as follows:

"F(CS controls and displays shall be designed using the criteria con-
tained in MIL-STD-1472 as a guideline and shall be subject to approval
of the procuring agency.
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Requirement

3.2.1.1 Pilot Controls for CTOL Aircraft. Pilot's cockpit controls for

conventional take-,•ff and landing (CTOL) aircraft shall be designed and

located in accordince with AFSC Design Handbook DI 2-2, DN 2A1, Aircrew
Controls; DN 2A5, Flight Controls; and the following subparagraphs. Strict

adherence to the prescribed location and maximum range of motion of these

controls is required.

Comparison

The C-5A was designed to the requirement below: Ref. CP 40002-6B.

Pilots' Controls - The pilots' cockpit controls shall be designed and located
using MIL-STD-203, Ms33574, and M333576 as guides.

Control Wheels - The control wheels shall be of the W type, 14 to 16 inches

in diameter. They shall be constructed of a light-weight, non-hygroscopic,
non-slippery, non-stick black material with a low heat conductivity. The

forward face of the portions gripped by the hands shall have corrugations

to fit the fingers and provide a good finger-type grip surface.

Rudder Pedals - Rudder pedal size, shape, travel and adjustment mechanism
shall be designed using MS33574, Ms33576, MIL-B-8584, and MIL-STD-203 as
guides. The foot pedale shall be interconnected to insure positive movement

of each pedal in both directions. The pedal motion shall be straight line
relative to the seat reference point. The pedal travel shall be In a plane
inclined approximately 7 degrees, 52 minutes from the horizontal plane with
the pedal reference point located at least 5.0 inches above the heel rest
line.

For the actual C-5A arrangement, see Figure No. 1 (3.2.1.1) and Figure No.
2 (3.2.1.1).

Discussion

The C-5A Flight Station Basic Dimensions in Figure No. 1 (3.2.1.1) show

several differences when compared to thco present requirement.

The C-_5A requirement was shown as a guide only whereas NIL-F-9490D states
strict adherence. The differences are tabulated below:

Item C-5A MIL-F-9490D

1. Seat Angle 60 to 260 from Vert. 13.5' to 33.5o
from Vert. NIL-
S-25073A

Angle of Rudder Pedal Movement 7 046' Down Horizontal
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The C-5A seat adjustment angle (Item 1) was originally set to the specifica-
tion requirement (13.5* to 33.5e) per MIL-S-25073. During the flight test
program, the test pilot could not get a satisfactory view of the runway with-
out leaning forward because of his elevated location above the runway. The
seat adjustment angle was changed so that the pilot could adjust his seat
ack to provide the pilot with a proper view of the runway. The rudoer

pedal travel on the C-5A was set at an angle of 70469 down (Item 2) because
of the limited space available.

The seat angle and vision clearance requirements of IELT-F-9490D are not
compatible with the C-5A. The elevation of the pilot affects his visibility.
Although there is similarity in the provisions and arrangements of cockpit
controllers between CTOL transport aircraft, each is different. These dif-
ferences generally result from compromises with other requirements such as
outside visibility and limitations such as cockpit space and are evaluated
in a mockup subject to customer approval and flight validation. The require-
ment should be a gcal or guideline, but not one to be strictly adhered to
when such adherence may result in a less desirable overall product.

Recommiendation

Delete the last sentence of the requirement.

Requirement

3.2.1.1.1 Additional Rec'uirements for Control Sticks. Not applicable.

2 0
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Requirement

3.2.1.1..2 Additional Requirement for Rudder Pedals. Rudder pedals shall
be interconnected to insure positive movement of each pedal in both directions.

Comparison

C-5A rudder pedals are mechanically and rigidly interconne'!ted at each
pilot's station so that movement of one pedal fore or aft will cause the
other pedal to move in the opposite direction. In addition the pilot's
and copilot's pedals are interconnected so that both sets of pedals work in
a coordinated fashion throughout the travel.

Discussion

The requirement is valid and did not create any unusual proolems in meeting
it in the C-5A. It is valid for future transport aircraft.

Recommendation

Accept the requirement as is.

Requirement

3.2.1.1.3 Alternate or Unconventional Controls. If pilot's controls other
than the conventional center located sticks, W-type wheels, rudder pedals,
trim controls and indicators, wing incidence control, wing sweep control,
landing flap control and indicator, speedbrake control, and automatic flight
control panels bpecified in AFSC Design Handbook DH 2-2, DN 2A5, are utilized,
demonstration of their adequacy and suitability is required prior to instal-
lation in an aircraft.

Compurison

The C-5A FCS used conventional controls therefore this requirement did not
apply.

Discuszioh

Lockheed has considered alternate or unconventional controllers in many
diffirent design studies and proposals and agrees that extensive development
and demonstration of their adequacy and suitability should be required prior
to their installation in an aircraft. This requirement should be specified
for all future trans;nrt type aircraft.

Recommendation

Retain the requirement as stated.

Requirement

3.2.1.1.4 Variable Geometry Cockpit Controls. Not applicable.
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Requirement

3.2.1.1.5 Trim Switches. Electrical trim system switches of the five-position,
center-off, toggle type shall be in accordance with MIL-S-9419. Control stick
grips in accordance with MIL-G-25561 shall already have the trim switches,
conforming to IIL-S-9419, installed. Three-position trim switches shall be
approved switches similar or equivalent to the MIL-S-9419 switches.

Comparison

T-im switches are utilized in the C-5A rudder, aileron and pitch trim control
systems. The pitch trim switches on the control wheels conform to MIL-S-6743
with Notice 2. The aileron, ruddar and alternate pitch trim switches on the
center console conform to KIL-6-3950 with Supplement 1. RInce none of these
switches, shown on Figures No. 1 (3.2.1.1.5), and No. 2
(3.2.1 .1 .5) conform to MvIL-G-25561 or 141L-S-9419, the C-5A trim systf~m
switches do not conform to the requirements of Paragraph 3.2.1.1.5.

Discussion

Lockheed believes that this requirement is too restrictive and th, it
should be revised to include additional military specifications covering
trim switches not included in NIL-G-25561 and m1,L-S-9419. This position
is based on the requirement that no single failure may cause a pitch trim
runaway as implied by Paragraph 3.2.1.1.6 of MIL-F-9490D. It is not possible
to meet this requirement with a single MIL-S-9419 switch because two signal
paths - demanding two separate switches - are necessary to meet this require-
ment.

Rec ommendation

It is recommended that the last sentence of Paragraph 3.2.1.1.5 be revised
as follows:

"Three-position trim switches shall be approved switches similar or
equivalent to the MIL-S-9419, MIL-S-3950 or MIL-S-6743 switches."
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Requirement

3.2.1 .1 .6 Two-Speed Trim Actuator. Two-speed trim actuator systems shall
be designed to preclude runaway or i iadvertent operation in the high-speed
trim mode.

Cc'nparison

The only two-speed trim actuator used on the C-5A is the pitch trim actua-
tor showin with its input control modes in Figure No. 1 (3.1.3.5). This
actuator is used to trim the aircraft about the pitch axis by movement of
the horiLontal stabilizer and is independent of the primary pitch cont,'ol
system (elevators). The pitch trim actuator, which provides a dual struc-
tural load path between the horizontal stabilizer and the verti-,al stabilizer.
is an irreversible linear screwjack actuator. The screw is the upper section
of the actuator and is powered by a hydraulic motor through a no-back device
and reduction gear train. The nut is the lower section and I's also powered
by a hydrautlic motor through a no-back and a redtL-tion gear train. The
hydraulic scurces for the screw drive and nut drive are completely inde-
pendent of eLxch other.

A high degree of safety and reliability is provided since two signals are
required from the input system before the actuator can operate. The screw
drive unit Is commanded by either of the two fu-lowing modes:

I. Alternate Mode - The pilot or copilot can cperate the pitch triL
system in this mode by depressing two switches on the center con-
sole in the desired direction. The daal switch operation sends
an electrical signal to the screw drive hydraulic manifold shut-off
valve and directional control valve. These valves port fluid to
the hydraulic motor which drives the screw through the connecting
gear train.

2. Autopilot Mode - When the pilot selects this mode of operation,
the autopilot will send commands to the screw drive hydraulic
manifold and will operate the same valves as the alternate system.

In either of the above modes of operation, the screw will continue to drive
,until the command signal is atopped or until the horizontal stabilizer oper-
ates a limit switch. The limit switch interrupts the command signal and
no further trim is rossible in that selected direction through the screw
drive mechanism.

The nut drive unit is commanded by either of two modes.

I. Normal Mode - The pilot or copilot can operate the pitch trim
system in thin mode by operating simultaneously dual switches,
spring loaded to the center (off position, on the outboard grip
of either control wheel. The dual switch operation sends an
electrical signal to the nut drive hydraulic manifold shut-off
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valve and directional corutrol valve. These valves port fluid to
the hydraulic motor wdhich drives the nut throtigh a connecting
gear train. The nut will continue to drive until the -wheel switches
ame released or until the horizontal stabilizer operates a limit
switch. The limit switch interrupts the commiand signal and no
further trim is possible in the selected direction through the
wheel switches.

2. Manual Mode - The pilot or copilot can operate the pitch trim
system in the manual mode by moving a lever on the side of the
center console (there is a lcver provided on each side of the
console). At the top of lever there fa a spring loaded trigger
type switch. Depressing the handle switch accomplishes two things.
It sends an electrical signal to the nut drive hydraulic manifold
shut-off valve which then ports fluid to the directional control
valve. It also sends a 28 VDC signal to the autopilot whiich dis-
connects the uzit while the manual trim system is operating.
Moving the lever forward or aft moves the directional control valve
by means of a cable and mechanical linkage. Fluid is then ported
to the nut drive motor which drives the nut in the selected direc-
tion through the gear train. The nut will continue to drive until
eith~tr the trigger switch is released, the trim handle is brought
back to neutral or the actuator reaches the mechanical stops.
This system is not affected by the horizontal stabilizer limit
switches whdile the aircraft is airborne.

The trim rate for the screw drive mechanism is .33 inches per second for all
flap configurations. The trim rate for the nut drive mechanism is .67 inches
per second with the flaps up and 1.12 inches per secend with the flaps down
and/or with the aerial refueling door open. This trim rate is the change in
the pitch trim actuator length with time between upper and lower mounting
points.

Pitch Trim Disconnect Circuit. Located on the inboard grip of the pilot and
copilot control wheels is a pitch trim disconnect switch. This switch when
operated provides a ground for two disconnect relays. The first relay dis-
connects the 28 VDC power source from the normal trim control system. The
second relay sends a disconnect signal to the autopilot trim system and
disconnects the 28 VDC power source from the alternate trim system. Therefore,
when the pilot or copilot operates the trim disconnect switch, all pitch trim
modes, except the manual mode, are disconnected. These trim modes will remain
disconnected until a reset switch, located above the alternate trim mode
switch, is operated.

The reset switch has three positions. The center position is neutral. The
up position operates the relay connecting the normal trim system. The down
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positioni operates the relay connecting the alternate and autopilot systems.

In the design of the pitch trim system, consideration has been given to
possible malfunctions and their effect on the controllability of the air-
craft. The most dangerous condition is that of a runaway trim actuator
which can be deactivated by the trim disconnect system. The system has
been designed to insure that no single mechanical or electrical malfunction
-ill cause a runaway actuator. In addition, the fact that two switches
must be actuated in the normal and alternate modes and actuation of a switcn
together with a lever in the manual mode precludesi inadvertent operation.
Therefore, the pitch trim system meets the intent of the requirement.

Discussion

The requirement is considered too lenient as written since it does not
require inadvertent operation to be prcvented in any trim mode. In addi-
tion, it does not require the use of a trim disconnect switch to disconnect
all pitch trim modes except for the manual or emergency trim mode.

Recozmmendation

Reword the paragraph as follows:

"3.2.1.1.6 Mu-lti-32eed Trim Actuator. 1ý=lti-speed trim actuator systems
shall be designed to preclude runaway or inadvertent operation in any trim
mode. A trim disconnect switch shall be provided to permit the simultaneous
disconnect of all trim modes except for any manual or emergency trim modes
that may be used. These requirements shall also apply to single speed pitch
trim systems.
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iie' rc.'ent

3.2.1.1.7 FCJ Control Panel. The FCS control panel shall provide the pilot.
with the integrated means to selec-t the NFCS and A.S functions.

Cc:'- 2rieon

On the C-5A aircraft the AFCS aid flight augmentation control panels are
located on the center console control panel as shown in Figure 4 (3.2.1).
The Pilot Assist Cable Servo (PACS) switching Js located on the center over-
head panel shown in Figure 1 (3.2.1.1.7). The manual flight control system
control switches and lights are located on the center overhead panel. The
position indicators are located on the center instrument panel. The flight
control system controls and indicators are as shown in Figure 2 (5.2.1.1.7).
BI locating these panels central to the pilots, they have the means to select
1:FCS and A.FCS functions as desired.

Dijcunsion

The requirement is a val:,' and straightforward one with which compliance
can easily be demonstrated. The requirement is valid for future transport
aircraft.

Re cc~endation

Retain the requirement as stated.
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Rer Uirement

3.2.1.1.8 Normal Disengagement Means. Means for disengagement of all modes
of the AFCS shall be provided which are compatible with the requirements of
3.1.9.6.

Comparison

The C-5A AFCS disengagement and re-engagement can be achieved in a positive
manner under all normal flight conditions. Fail safe in-flight disengagement
of the AFCS modes can be manually achieved by pressing the appropriate engage
switch a second time, by depressing either control wheels disengage switch or
by swit,,hing the "DASTER POWER" off. Automatic disengagement occurs when a
failure ie detected by the monitoring system and is indicated to the pilots
through the annunciation system. The AFCS design is such that automatic dis-
engagement or power failure leaves the affected system in the safest mode.
Failure in the engage/disengage circuitry causes automatic disengagement and
indication annunciation.

REamples of the APCS control panel and annumciator panel are shown on Figure
No. 4 (3.2.1). Additional discussion of the APCS disengagement modes are
noted in the validation of paragraphs 3.1.3.3.2 and 3,1.5.3.2.

Mode compatibility of the AFKS is achieved by interlocks and mode compatibility
logic designed to provide safe and efficient FCS operation which is aided by
illumination of "mode available" indication lights.

Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design.
The design can be demonstrated asid should be specified for all future transport
type aircraft.

Recoendation

Retain the requirement as stated.
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Requirement

3.2.1.1.9 Preflight Test Controls. Additional controls shall be provided
in the cockpit for initiating and controlling the progress of preflight tests, /

-where necessary.

Comparisoa

The C-5A provides means for preflirt testing of both the MFC3 and AFCS and
associated systems (eg. hydraulic r ystems) in the cockpit. In the case of
the AFCS, through the use of the b -lt-in test equipment (BIT) either a
manual or automatic test of the system can be performed. For this aircraft,
the majority of system preflight testing is performed by the flight engineers
rather than the pilot.

Discussion

The requirement as stated is practical and compliance can be easily demon-
strated. The requirement has the prop6r amount of stringency in that it
calls for the controls placement in the cockpit, but does not restrict them
to being accessible by the pilots. No chawges are necessary for this require-
ment to remain valid.

Recomendation
/

Accept as is.

Requirements - Not applicable.

3.2.1.2 Pilot Controls for Rotary-Winr Aircraft

3.2.1.2.1 Interconnection of Collective Pitch Control and Throttle(s) fori Helicopters Powered ,b' Reci]2rocating Enine(s) ,Y

3.2.1.2.2 Interconnection of Collective Pitch Control and Engine Power

Controls for Helicopters Powered by Turbine Engine(s)

3.2.1 .2.3 Alternate or Unconveational Controls.

3.2.1.3 PIlot Controls for STOL Aircraft
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Requirement

3.2.1.4 Pilot Displays

3.2.1.4.1 F`CS Annunciation. The FCS control panel or associated panels
shall provide means to display:

a. AFCS engaged
b. Mode engaged
c. That automatic mode switching has occurred, if required
d. Preselected values for select3ble mode parameters

Comparison

The C-5A aircraft employs the AFCS control panel, Figure 4 (3.2.1), the
FCS panel, Figure 3 (3.2.1.1.7), and the annunciator panel, Figure 1 (3.2.1.4.1)
in the cockpiT. Through lighted indicators on these panels, the pilots can
tell which FCS modes (including AFCS) are engaged and which are available
for engagement in the present configuration. They are also given appropriate
lighting to indicate if automatic switching has occurred. The preselected
values for Mach, airspeed and altitude are displayed on their respective verci-
cal scale instruments. These selectable mode parameters can be varied by the
pilots by use of the slew switches located on the AFCS control panel.

Discussion

The C-5A demonstrates full compliance with this requirement. The requirement
is in general a good one which can be practically demonstrated. The require-
ment calls only for the presence of displays leaving the quality and method
of implementation to the individual contractor. No changes should be made to
the requirement for transport type aircraft.

Recommendation

Accept as is.
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Req xirement

3.2.1.4.2 FCS Warning and Status Annunciation. FCS warning and status
annunciation shall be provided in the cockpit. Annunciation shall be
designed to clearly indicate the associated degree of urgency.

a. First degree - Immediate action required (warning may be audible).

b. Sec-nd degree - Caution, action may be required.

c. Third degree - Informational, no immediate action required.

A panel comprising means for displaying first degree aunnunciations shall
be located within the normal eye scan range of the command pilot. A first
degree warning or status indication, which applies only to a particular mode
or phase of flight, shall be inhibited or designed to clearly indicate a
lesser degree or urgency for all other modes of phases of flight.

Comparison

The C-5A is equipped with a "master caution system" which provides a cent-
rally located method for monitoring all FCS caution and warning indicators
in the cockpit. The system consists of amber iiaster CAUTTON and master
AUTO lights located in front of the pilot and copilot on the main instru-
ment panel and an annunciator panel which contains the indicator lights
that can illuminate the caution lights. The annunciator panel lights are
white. The pilot's instrument panel is shown in Figure 1 (3.2.1.4.2),
and the annunciator panel is shown in Figure 1 (3.2.1.4.1). when any
of the annunciator caution lights come on, except those on the last three
rows to the right on the panel, the master CAUTION lights on the pilot's and
copilot's panels will also light. When any of the annunciator caution lights
in the last three rows on the right of the panel come on, the master AUTO
lights on the pilot's and copilot's izzstrument panels ccme on. This set of
annunciator lights warn of failures in the automatic flight control system.
The master caution system provides indication of which is the latest mal-
function signal if a second malfunction occurs after a first has been indi-
cated. A first malfunction causes the annunciator light to flash. The
flashing is changed to a steady light by depressing either master light to
reset the system and turn off the master lights. The annunciator light
will remain on until the condition has been corrected. If a second mal-
function occurs, the applicable annunciator light will flash and the master
lights will come on again. However, if a second malfunction occurs in a
system where the annunciator light is already indicating a failure, no new
warning will be given except for the SAS where the second failure will dis-
engage the system and illuminate the SAC. INOP light for that axis on the
annunciator panel.
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FIGURE 1 (3.2.1.4.2). Pnar'IS IN~STRUMM PANEL
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The CSA also uses green light3 to indicate mode availability or ncrmal o7era-

tion. '•hite lighting is usd for legonds for ex&'.ple on the AFCS control

panel to indicate which mode is controlled by the switch. Fed i3 used fnr

first degree application such as for the fire ,,rarning lights. The C5A 7c.ets

the intent of this paragrach by using color codirg of the varniing and static

lights to inlicate degrse of urgency.

Discussicn

This requirement is applicable to present and future aircraft and compli-

ance can be demonstrated.

Reco.nr.endation

Retain the requirement as stated.



Requirement

3.2.1.4.2.1 Preflight Test (BIT) Status Annunciation. If BIT is used, this
display shall:

a. Indicate the progress of the preflight test

b. Instruct the crew to provide required manrus. inpots

0. Indicate lack of system readiness when failure conditions are
detected

Ccparison

The BIT procedure on the C-5A has the option of being performed either auto-
matically or manually by an operator. Fach step of the test sequence is
displayed in binary form by test lights on the face of the computer. If a
failure is detected during the test, the sequence is automatically stopped.

This point at which the sequence is stopped is represented in binary form by
the lamps that are presently lit. An instruction decal above the test lamps
lists applicable documentation which may be consulted to isolate the specific
component at fault. The test may then be continued by depressing the BIM
switch again. Detail set-up requirements and follow-up instruction for each
failure or combination of failures are also provided. The C-5A satisfies
each phase of the requirement.

iacusaion

The requIrement is not restrictive or stringent in making compliance clearly
demonstrable and leaving implementation techniques to the designer.

This requirement is applicable to present and future aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.2.1.4.2.2 Failure Status. Failure warnings shall be displayed to allow
the crew to assess the operable status of redundant or monitored flight con-
trol systems. Automatic disengagement of an AFCS mode shall be indicated
by an appropriate warning display. Manual disengagement by the crew shall
not result in warning annunciation.

Comparison

The C-5A displays failure warnings and automatic mode switching of monitored
systems on the annunciator panel and AFCS panel shown in Figures 4(3.2.1)
and 1(3.2.1.4.1). Manual disengage.,:ant does not result in a warning; however.
in some modes a display will appear which indicates that a mode is inoperable.
The requirement is satisfied with the C-5A's failure status annunciator. The
elevator and aileroa/spoiler control systems are mechanically redundart fligh!
control systems, but no attempt was made to provide flight station failure
warnings.

Discussion

It was implied that this requirement is referring to electronically redtundant
systems by referring to the "users guide" and previous paragraphs (3.2.1.4.1).
The first portion of the requirement, if the above implication is true, can
be practically demonstrated. The requirement is not valid for future trans-
port aircraft. The last sentence of the requirement '.s too restrictive in
that it prohibits warning annunciation of accidental or inadvertent disengage-
ment of systems affecting safety of flight. Future aircraft may require SAS
operation to assure at least level III flying qualities.

Recommendation

Revise the requirement as follows:

3.2.1.4.2.2 Failure Status. Failure warnings shall be displayed to
allow the crew to assess the operable status of redundant electronic
flight control systems or monitored flight control systems. Auto-
matic disengagement of an AFCS mode shall be indicated by an appro-
priate warning display. Manual disengagement by the crew of systems
not involved in flight safety shall not result in warning annuncia-
tion.
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Reouirement

3.2...4.2.3 Control Authority Annunciation. Tf available manual control
authority can be reduced below the level required for maneuver cortrol by
a function such as automatic trim or stability augmentation, pilot dis-
plays shall be provided to indicate availphle control authority for essen-
tial and flight phase essential FCS. Warning shall be provided if remain-
ing manual control becomes critical.

Comparison

The C-5A augmentation systems are fail passive type systems. The systems
utilize median selectors to reduce the effects of failures on the system
operation. Four median selectors and four servo amplifier/feedback loops
are utilized in the output channel. Two of tne four output channels are
used for Channel A and two for Channel B. Under normal conditions, only
Channel A is used to drive the surfaces. In the evtnt of a failure which
affects the o'itput of Channel A, then Channel B would be automatically
switched in and Channel A disabled. When a second failure occurs which
affects the output oT Channel B, the channel will be disabled, the SAS
system will disengage and appropriate warning lights will illuminate.
With the system there is no control authority degradation due to SAS opera-
tion that will affect proper operation of the aircraft.

Automatic trimming of the C-5A stabilizer is used during autopilot opera-
tion. The system is monitored to insure that no probable malfunction will
occur that is not announced to the pilot. If an elevator deflection in
excess of the trim threshold prevails for three seconds or longer, and the
monitor circuit does not detect a change in the stabilizer position trans-
mitter, the AUTO TRIM FAULT annunciator will light, and the automatic trim
system will be disabled. Conversely, if a change in the stabilizer posi-
tion signal persists for three seconds when elevator deflection is below
the trim threshold, the AUTO TRIM FAULT light will come on and the aito
trim will be disabled. Under unusual conditions, it is possible (though
unlikely) that the automatic trim will. drive the stabilizer to its limit
switches. Should this occur the AUTO TRLM FAULT will illumin.te, alerting
the pilot to the fact that the aircraft is out of trim. Whenever the AUTO
TIL: FAU'LT comes or. and remains on, it must be assumed that the aircraft
may be out of trim, and the pitch autopilot should be disengaged while
holding the control wheel to restrain any sudden return to neutral. .

The C-5A has been designed so that no probable failure will reduce control
authority beyond that required for safe flight. Three trim indicators are
lucated in the cockpit to indicate to the pilot the amount of trim being
used. There is no provision to compute the amount of control authority
remaining during any trim or augmentation operation. The C-5A manual con-
trol system authority cannot be reduced to a critical level by normal func-
tions. The C-5A does not meet the requirement to display available control
authority.
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Discussion

This requirement is too stringent and probably impractical. To obtain
control authority for indication to the pilot iould require a computer
which would monitor airspeed, Mach, altitudes, attitude, center of gra-
vity, all surface doflections, all trim and or other systems operation
which affected surface deflection. The computer would then be required
to compare the surface deflection capability aL any time with that
required for maneuver control for that particular phase of flight and
determine if sufficient surface deflection was left and then display
this to the pilot. To date no accurate method of automatic measuring
center of gravity on large transport type aircraft in flight has been
used.

Other requirements of MIL-F-9490D cover this area of safe operation and
it is felt that this paragraph is wunecessary. Some of the paragraphs
are 1.2.2, 1.2.3, 3.1.3.2, 3.1.3.5, 3.1.9, 3.2.1.4.4, etc. If these
requirements are met then the basic objectives of this requirement are
met in a practical manner.

Recommendation

Delete the requirement
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3.2.1.4.3 Lift and drnZý device position indicztoro. Indicators shall be
provided in the cockpit to indicate to the pilot(o) the position of each
lift or drag, device having a separate control. They shall also indicate
the correct takeoff, enroute, approach, and laridin% positions; and, if any
extension of the lift and drag devices beyond the landing position is possi-
ble, the indicators shall be marked to identify the range of extension.
In addition, an indication of unsy=metrical operation or other malfunction
in the lift or drag device systems shall be provided whenever necessary
to enable the pilot(s) to prevent or counteract an unsafe flight or ground
condition.

Co7ririnon

The C-5A high lift system as shown in Figure I1-8 consists of a leading edge
slat system and a trailng edge flap system, both controlled by a single
control handle. The slat system is two-position in that the slats are
stopped only in the e7tended or retracted positionn. AlthougTh the flap
system can be set at arny )osition between Retracted and Landing (fully
extended), the flap handle has two normally used positions. These are
dotented and are identified as takeoff •ad takeoff/approach.

'The slat position indicator is a rectargalar three position flag-type
indicator which displays the word "hetracted" if the slats are fully
retracted, the word "biýctended" if the slats are fully extended and presents
a croashatched bar when the slats are traveling between the extended and
retracted positions. The flap position indicatoe. is a round dial-type
indicator that is graduated in terms of percent flap extension. The word
"Up" is printed at the zero-percent extension position and the word "Down"
is printed at the 100-percent extension position. "Down" corresponds to
the detented landing flap handle position. The slat and flap position
indicators are located to the right of center on the main instrument panel.

"The indicator provisions for the slats and flaps on the C-5A have proven
adequate and are generally in compliance with the intent of the requiremenr..
However, the flap position indicator does not accentuate takeoff and takeofi/
approach positions at the percent extensions corresponding to the equiva-
lent flap handle detented positions. Consequently, the flap position indi-
cator is not in full compliance with the requirement.

A slat and flap asymmetry detection system is used to sense or detect
failures in either system that might result in asnyetric operation. The
asyrmetry sensors are located at the extreme outboard ends of the torque
tubes in each wing. If any asymmetry occurs in either the slat or flap
system, either a slat or flap asymmetry warning light is illuminated and
a corresponding slat or flap "Brake-On" warning light is illuminated in
the flight station. The war ning lights are located on +he annunciator
[onel at the bottom of the instrument panel. "Me requirement for indica-
tion of slat and flap unsymmetrical operation or other malfunction is there-
fore satisfied by the C-5A slats and flaps asymmetry detection system.
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Discussion

The flap position indicator used on the C-5A is a GFAE part so the addi-

tional markings for takeoff and takeoff/approach would make it a non-

standard and therefore a more expensive unit. However, the requirement

is reasonable and fn 11 compliance would produce a better position indica-

tor since the pilots would not have to commit to memory the percent exten-

sion wahich corresponds to the flap handle detented positions. Mhe pilot's

workload would therefore be 'educed. Consequently, the stringency is

Justified for future transprt aircraft.

Leading edge slat and flap systems normally have two positions, retracted

and extended. For such systems, it is unnecessary to use an indicator

which displays percent extension. Consequently, revision to this require-

ment to properly cover two position high lift systems would be appropriate.

Recommendation

1. Add as second sentence to requirement 3.2.1.4.3:

Lift d~vices such as leading edge slats or flaps normally having two posi-
tions, such as extended or retracted, may utilize a three position indicator.

2. Revise existing second sentence of requirement 3.2.1.4.3 to read:

Lift and drag devices normally having more than two positions shall also
indicate the correct takeoff, enroute, approach, and landing positions;
and, if any extension of the lift and drag devices beyond the normal maximum
landing position is possible, the indicators shall be marked to identify the
range of extension. In addition, an indication of unsymmetrical operation
or other malfunction in the lift or drag device systems shall be provided
whenever necessary tc enable the pilot(s) to prevent or counteract an unsafe
flight or ground condition.
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Riequirement

3.2.1.4.4 Trim Indicators. Suitable indicatovs shall be provided to:

a. Indicate the position and the range of travel of each trim device.

b. Indicate the direction of the control movement relative to the airplane
motion.

c. Indicate the position of the trim device with respect to the range of
adjustment. (Trim devices such as the magnetic brake used in helicopters
to inatantaneously relieve pilot's control forces by changing the feel
force reference to zero at the control position held ty the pilot at the
time the trim switch is activated shall not require separate trim indicator.)

d. Provide pilot warning of trim failures which could result in exceeding
the State III requirements of 3.1.3.3.4.

Aircraft which require takeoff longitudinal trim setting in accordance with
cg location shall have suitably calibrated trim position indicators. Where
suitable, trim indicators shall be in accordance with 141L-I-7364. In air-
craft requiring quick takeoff capability or certain single pilot aircraft,
which use a single trim setting for all takeoff conditions, a trim for take-
off light shall be provided.

C-5A pitch, roll and yaw trim position indicators, as shown on Figure No.
1 (3.1.3.5) , are used to display to the pilots calibrated position, range
of travel, direction of the control movement relative to aircraft motion
and the trim position with respect to the range of adjustment. The aileron
'trim indicator is a dual pointer type indicator with a trim range of plus
and minus 10 degrees. Aileron trim may be accomplished with the aileron
trim knob or with a switch, both of which are located on the center console.
Operation of the aileron trim knob provides a simultaneous electrical signal
to the left band and right band aileron trim actuators. Operation of the
trim switch provides an electrical signal to only one trim actuator at a
time. Simultaneous operation of both aileron trim actuators cause the left
and right aileron trim indicator pointers to move as a unit ini a clockwise
or counter-clockwise direction depending upon the trim direction commanded.
If the switch is used to affect trim, only the associated left aileron or
right aileron pointer will move to display the amount of trim.

The rudder trim indicator is a dial type indicator having a single pointer
and displaying a trim range of plus and minus twelve (12) degrees. Rudder
trim is accomplished by simultaneously depressing two switches which pro-
vide power and ground signals to the trim actuator. The switches are three
position (nose left, off, nose right) toggle switches spring loaded to the
off position. The upper and lower rudder surfaces are trimmed simultaneously
as if the input were due to pedal deflection. The trim actuator provides
plus and minus eleven (11) degrees trim authority at a rate of one (1)
degree per second and trim position is displayed on the rudder trim posi-
tion indicatoz= located on the center instrument panel.
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In addition to the rudder trim provisions described above, an emergenicy
rudder trim control provides the pilot with plus and minus twenty (20)
degrees of' upper and lower rudder trim authority. Thia emergency trim
control is provided through the use of the Yaw Augmentation Manual Trim
control knob located on the Flight Augmentation panel. Em~ergency rudder
trim control indication is provided by a scale marked on the panel beneath
and around the periphery of the control knob. A guarded switch to the
right of the control knob must be moved from the "Off"' position to the
"1)n" position before the emergency mode becomes operational.

The pitch trim indicator is a dial type indicator having a single pointer
and displaying a trim range of fourteen (14) degrees aircraft nose up
and six (6) degrees aircraft nose down. In addition, there is a motion
or rate indicator within the face of the indicator to provide a more posi-
tive indication .f horizontal stabilizer movement. The indicator is located
on the main instrument panel and gives the pilots a visual indication of
the stabilizer position in degrees up or down from its neutral position.
Fitch trim control is normally accomplished by means of pitch trim switches
on the outboard grip of the control wheels. Trim may also be accomplished
by means of tha Alternate Pitch Trim "switches located on each side of the
aft center console.

Except for the rate indicator on the face of the pitch trim indicator, the
trin, ind-icators described above do not incorporate separate provisions for
warning the pilots of trim system ft Ilurtes resulting in inadvertent trim.
It is not likely that the slow movement of the indicator pointers would
direct pilot attention to trim runaway. However, trim runaway would be
immediately discernible through the pilot's controls due to the upset in
aircraft trim. In conclusion, the trim indicators comply with the intent
of the requirement.

Discussion

The requirement as written in reasonable and can be practically demonstrated.
The pitch trim indicator used on the C-5A meets the requirement for pilot
warning of trim failures which could result in exceeding the State III
requirements of 3.1.3.3.4 by incorporating a rate indicator as previously
described. It was considered necessary because the rate the pointer moves
corresponding to the normal trim rate is not fast enough to gain the pilot's
attention in the event of inadvertent trim.

Recommendation

The requirement is accepted as is.
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Requirement

3.2.1.4.5 Control Surface Position Indication. Indicators shall be pro-
vided in the cockpit for all control surfaces whose positions are indicative
of potential flying qualities below Level 3, when the cockpit controls do
not provide a positive indication of long term or steady state control our-
face position, or where the effect of control surface positioning is not
readily detectable by other means.

Comparison

The position of the primary control surfaces on the C-5A is not displayed
in the cockpit by the use of position indicators. The C-5A primary control
system is designed to accept the loss of any two hydraulic systems and still
permit control about any axis. The decision was made during the project
design effort on the C-5A that this hydraulic redundancy together with the
mechanical and control surfacf. redundancy, as shown on Figure No. 1 (3.1.8.1)
did not indicate the need for surface position indicators. However, it is
clear that the C-5A does not meet the requirement of this paragraph.

Discussion

It is recognized that the safety of an all-weather landing system would be
significantly enhanced by the use of position indicators. In addition,
failures and malfunctions can more readily be isolated and managed by the
crew--particularly where multiple control surfaces are used for control
about each axis. Hence, it is considered to be a good requirement for air-
craft control systems involving the use of multiple control surfaces and/or
series trim.

Recommendation

Retain the requirement as stated.
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Requirement

3.2.2 Sensors. Sensors shall be installed in locations which allow
adequate sensing of the desired aircraft and flight control system
parameters and which minimize exposure to conditions which could pro-
duce failures or undesired output signals.

Comparison

The C-5A FCS sensors have been designed and located in a manner which
provide signals for proper operation of all the related systems under
all the applicable operating conditions of the mission requirements
and under the influence of the specified induced and natural environ-
ments as defined under specification para.~raph 3.1.9. The sensors are
located in a manner which affords protection from environmental con-
ditions and is accessible for removal, inspection and easy maintenance.

Discussion

This is a valid requirement which has been satisfied by the C-5A FOS
design. The requirement can be demcnstrat-ed and should be specified
for all future transport type aircraft.

Rec ommiendat ion

Retain the requirement as stated.
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Requirement

3.2.3 Signal Transmission

3.2.3.1 General Requirements

3.2.3.1 .1 Control Element Routing. Within the restrictions and requirements
contained elsewhere in this specification, all portions of signal transmission
subsystems, including cables, push-pull rods, torque tubes, and electrical
wiring shall be routed through the airplane in the most direct manner over
the shortest practical distances between points being connected. Protection
from use as steps or handholds shall be provided.

3.2.3.1.2 System Separation, Protection and Clearance. Where redundant
cable, pushrod, or electrical wiring are provided, they shall be separated
as required to meet the invulnerability requirements of 3.1.9. Advantage

.shall be taken of the shielding afforded by heavy structural members,
existing armor plate, or other equipm ent for the protection of important
compononts of the control systems. Clearance between flight control system
components and structure or other components shall be provided as necessary
to insure that no probable comuination of temperature effects, air loads,
structural deflections, vibrations, build-up of manufacturing tolerances,
or wear, can cause binding or Jamming of any portion of the control system.
In locally congested areas only, the following minimum clearances may be
used after all adverse effects are accountcd for:

a. 1/8-inch between static elements except those within an LRU
where closer clearances can be maintained or where contact
cannot be detrimental.

b. 1/8-inch between elements which move in relation to each
other and which axe connected to or are guided by the same
structural or equipment element(s) except those within an
IRU where closer clearances can be maintained or where contact
cannot be detrimental.

c. 1A-inch between elements which move in relation to each other
and which are connected to o' are guided by different structural
or equipment elements.

d. 1i/t-inch between elements and aircraft structure and equipment
to which the elements are not attached.

3.2.3.1.3 Fouling Prevention. All elements of the flight control system
shall be designed and suitably protected to resist jamming by foreign
objects.

Comparison

The C-5k control systems were designed to meet the redundancy, separation,

protection, and clearance requirements of the Contract End Item (CEI)
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Specification C14C002-6B. Where redundant system elements were required
they were separated and protected to meet the applicable invulnerability
requirements. The clearances between the control system moving elements
and the adjacent structure or equipment were implemented with the design
goal of "no functional degradation, considering such parameters as struc-
tural deflections, vibration, temperature, tolerances, etc."

The intent of th-s design goal was satisfied in meeting the C-5A design
Contract End Item requirements for FCS redundancy, operation, protection,
and clearance.

The C-5A control system mechanical signal transmission is routed from the
pilots controllers through a series of cable, bellcrank, push-rod arrange-
ments to the control valves on the fully powered surface actuators. Figures
1, 2, and 3 (3.2.3.1 .1) describe the control element routings of most of the

C-5A contro: systems. The electrical/electronic control elements for the
control actuators or related components receive their signals through elec-

trical wires.

In both mechanical and electrical systems the signal transmitting elements

have been routed in tha most direct manner in the interests of both weight

savings as well as efficiency.

Considerable emphasis was placed on signal accuracy of the transmitting
elements, rho mechanical syatem used "Lock Clad" cable, close tolerance
bolts, and rigid components to minimize system deflection and free play.
The routirn of the mechanical elements was integrated, where possible, with
existing areas adjacent to aircraft structure which afforded the maxim=m
protection. Where dual systems were required, the transmitting elements
were separated to the maxinnu extent possible.

In all of the moving control elements, the minimum clearance requirements
were usually exceeded in order to preclude contact with adjacent structures
and other equipment. The operating extremes and structural deflections were
considered in setting these clearances . Access was provided for maintenance
and -igging of all ccmponents. All the control elements were designed to
provide the redundancy and margins of safety necessary to meet the failure
criteria established by the C-5A operational state criteria.

The basic design goal specified that all the control system elements shall
be suitably guided, protected by location, or covered to prevent their
being foued accidentally or during maintenance operations. The C-5A design
considered the requirement to resist jamming by foreign objects within the
des•y,. guidelirs.s of weight, budget, maintainability, and reliability.
Ec-e''ver, the i-1eiign philosophy for the failure criteria assumed a jam in

the .3ystcm of control elements. Therefore, to meet the operational failure

state criteria of the CEI specifications, all the critical control systems
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were provided with redundant control paths. In the event of a Jammed system
the redundant system was disconnect or "she.red out" from the Jammed portion
of the 3ystem to maintain control of the aircraft.

Discussion

This is a good requirement when it ts considered as a design goal. The .inter-
pretation in this, as in any general rpecification, has to be suppl-mented by
the configuration application as well as the design guideline "checklist" as
defined in the "Users' Guide." Meeting this type requirement cannot be demon-
strated except by abstract, non-quantitative terms by opinion based on experience
and/or analysis.

It is suggested that it would be beneficial to develop more specific require-
ment guidelines from the results of hardware "tradeoff" studies to determine
the characteristics of this design goal versus vulnerability, operation, cost,
weight, etc., for future inclusion in the "Users' Guide." This design goal
is valid and has been satisfied by the C-5A design and should be specified

for all future transport type aircraft.

Recommendation

AccepV the specification "as is."

Additional Data (For "Users' Guide")

Care should be taken either to avoid routing concentrations of mechanical,
electrical, or hydraulic control elements and control power sources and to
separate and/or shield the systems as required to minimize single failure
effects where system concentration might provide significant multiple failure
potential. Typically conjested areas in transport aircraft include rear beam
of the wings and vertical and horizontal stabilizers.
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!!,'m iiiiremnent

Rigging provisions. The number of rigging positions shall be
kept to a practical minimum. They shall be readily accessible and located
where space for the rigging function is availatle. Installed rigging pinb
shall be highly visible from the ground or include streamers as specified
in 3.1.10.4. Control surface actuator outputs shall not be rig pinned.

Ce7prarison

The intent of this design goal was satisfied in meeting the C5A design
Contract End Item requirements. The design emphasized the use of a
rlnirm of rig pin locations, which were generally oriented to major
rections of the aircraft. For example, the empennage control systems
could be rigged and cleared independently from the rest of the control
9vstem. "he servicing and maintenance time requirements of the CEI speci-
fication assared ready access of the rigging provisions. In apnlications
T.here the system functions were not completely cycled during maintenance
or rigging functions, streamers were used on the rig pins. However, the
nature of rust control system rig pin locations necessitated rigid system
fuLnctional checkouts as a final means of checking for rig pin removal.

o 2-5•A control surface actuator output is rig-pinned.

:"ic Ission

This requirement to minimize the number of rigging positions is good.
The C-5A meets the remaining parts of this requirement including those
for location and accessability of rigging functions and visibility of
rig pins.

P-c re.-•-ndation

Accept the Specification "as is".

+rq! Data (For Users Guide)

The initial systems checkout and periodic maintenance of large transport
aircraft may be improved by breaking down the rigging into small sub-
sections which are related to the major aircraft structural subsections
ccntainirn portions of the FCS. The portions of FCS in the wings, horizontal
stabilizer, vertical fin and fuselage subsections can be rigged separately

o'ýfore being connected to their adjacent subsections.

-he C-SA FPC in the T-tail, horizontal and vertical stabilizer assembly,
.:re crmpletely rigged and functionally tested before the empennage was
at" ach-ed to the fuselage.
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Requirement

3.2.3.2 Mechanical Signal Transmission

3.2.3.2.1 Load Capability. Elements of mechanical signal transmission
systems subjected to loads generated by the pilot(a) shall be capable of
withstanding the loads due to pilot's input limits specified in MIL-A-8865,
Section 3.7, Flight Control System Loads, taken as limit loads, unless higher
loads can be imposed such as by a powered actuation system or loads resulting
from aerodynamic forces. Where higher loads are thusly imposed, they shall
be met with the same margins and circumstances as specified in 1MIL-A-8865.

Comparison

The C-5A flight control systems (FCCS) and components were designed to meet
the strength requirements of Contract End Item (CEI) epecification CP 40002-2,
Paragraph 3.4.10.5. The CEI design criteria is essentially the same as the
requirements specified in MIL-A-8865, Section 3.7. The dual C-5A FXCS
components and mechanical system transmitting elements were designed to with-
stand the maximu= limit load resulting from a pilot input load equivalent
to 75 percent of the dual pilot effort specified in MIL-A-8865, Section 3.7
when applied at the pilots controller and reacted throughout the control sys-
tem. The design limit loads exceeded the maximum functional operating loads

of the system. All the secondary and other control system elements were
designed to the limit load criteria of tI : CEI specification.

Discussion

This is a good requirement which has been satisfied by the C-5A control system
design and can be readily demonstrated. This requirement should be specified
for all future transport type aircraft.

Recommendation

Accept the specification "as is."
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Requirement

3.2.3.2.2 Strength to Cle9r or Override JP- d Hydraulic V, lI s. All
mechanical elements which tranzmit input comr.uds to mctcrin'; valves of
hydraulic servoactuators shall have strenGth to withstand higher loads,
above those for normal valve stroking, required to clear foreign material
that may occur in projected usag~e.

Comparison

The C-5A flight control sy'tem (FCS) was designed to the limit load desig-n
criteria of the CEI speci' .cation for determining the strength of the mec-
hanical signal transmitting elements. In the primary flight control input
system that was normally three-fourths of two pilots' effort, which was
always much higher than the normal pilot effort to move the full powr
system control valves and feel system. In addition, all of the hydraulic
servo control valves and their related input linkages werz designed to a
600 pound limit axial load valve chip shearing force requiroment. Over-
ride bungees limit the loads which can be applied to less than the 600
pound axial load.

However, it should be noted that the system redundance and Jam protection

requirements for the C-5A primary flight control system necessitated the
use of override bungee springs in most of the input systoms. A jar L% the
C-5A can be overridden or relieved because of strategically loatcd over-
ride bungees and shear fuses within the FSC. Also a Jammad servo systcm
would be de-energized and control would be maintained through tbe rediundant
system.

However, the systems are designed to accormeodate the valve chip shearing
force requirement where override bungees are not present or where possibly
a second failure condition may require this force clearing op-ration. The
actual jam clearing fcrces available are dependent on the scrvo valve de-
sign and system approach.

Discussion

This is a good requirement which has been satisfied by the C-5A control
system desigr. end can be readily demonst:ated. This requirement should
be specified for all future transport type aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.2.3.2.3 Power Control Override Provisions. Provisions shall be made to
permit the pilot(s) to clear or override metering valve Jams unless there
is sufficient aerodynamic control power from the remaining operative sur-
faces to override control moments generated by the Jammed surface in its
most adverse position.

Coprson

The Primary Flight Control System (PFM) for the C-5A has incorporated over-
ride bungees at ýhe servo control valve input arm for the Aileron, Flight
Spoiler, Inboard Elevator, and Rudder Power Units as shown in Figures 11-4,
11-5, and 11-7.

This application of override springs in the redundant system will permit the
pilot to maintain control of the aircraft in the event of a Jammed control
valve. The bungees have full pilot input stroke capability which permits
immediate pilot action to minimize the effects of a hardover servo valve.
The pilot may then de-energize the servo containing the Jammed valve and,
by deflecting the override burgee, maintain control of the aircraft with the
remaining servo.

Figure 1 (3.2.3.2.3) shows a typical servo override bungee installation;
in this case it is for the Aileron servo.

The input system is also designed to meet the control valve chip shearing
strength rev'•-.ement of 3.2.3.2.2 in the event of a multiple failure con-
dition (i.e., lammed valve and Jammed bungee spring).

A degrei of protection for a Jammed co3ntrol valve on the primar7 servo
manifold is the dual concentric control valve spool on units with stability
augmentation. One spool provides manual control and the other spool con-
trols stability augmentation input. Thus, if either spool becomes jammed
either of the remaining spools could afford some degree of control.

Discussion

This is a good requiriment which has been satisfiel by the C-5A control
system design and can be readily demonstrated. This requirement should
be specified for all future transport type aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.2.3.2.4 Control Cable Installations. Control cable installations shall
be designed to accommodate easy servicing and rigging, and the number of
adjustments required shall be kept to the practical minimum.

Comparison

The intent of this design goal was satisfied in meeting the C-5A desig
Contract End Item (CEI) requirements. The C-5A flight control system
(FCS) able installation was designed to minimize the number of adjustmen 3
and rig pin locations. The FCS design requirement for easy servicing and
minimum maintenance time is assured by virtue of the strict CEI require-
ments. These maintainability requirements had time values which were met
by demonstration to the customer. Figures 1 and 2 (3.2.3.2.4) are typical
examples of the C-5A's maintainability access. Figure 1 (3.2.3.1.1) shows
the C-5A FCS mechanical control cable runs.

Discussion

This requirement to accommodate easy servicing requires application of goo(I
engineering judgement based on experience. This requirement is valid and
has been satisfied by the C-5A design and should be specified for all future
transport type aircraft.

Recommendation

Retain the requirement as stated.
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1. PERSONNEL ACCESS DOOR
2. PITCH TRIMA ACTUATOR DOOR
3. PERSONNEL ACCESS DOOR
4. SERVICE LADDER
5. SERVICE LADDER
6. PRESSURE VENT AND ACCESS DOOR
7. 8-2 STAND

FIGURE 1 (3.2.3.2.14).c-5A AFT BODY AmD EmvP~2mAGE CONTROL ACCESS
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Requirement

3.2.3.2.4.1 Control Cable. Cable used for the actuation of flight controls
shall be the most suitable of the following types for each application. Use
of carbon steel or other type cable not listed below requires procuring
activity approval.

a. Flexible nylon-coated corrosion-resisting steel wire rope in accordance
with miL-w-83420.

b. Preformed flexible corrosion-resisting steel wire rope in accordance
with iL-w-83420.

c. Preformed flexible corrosion-resisting nonmagnetic stetl cable in accord-
ance with MIL-C-18375.

Comparison

The C-5A mechanical flight control system FCS uses control cables which ere
preformed flexible corrosion-resisting steel wire rope in accordance with
MIL-W-83420. The stainless steel cable was selected because of its superior
(to carbon steel cable) properties of fatigue life, environmental protection
(thermal and corrosive) and it was a requirement.

In cable applications which were exposed to fatigue fretting, such as where
cables have excessive wear due to contact with fairlead rollers, the cable
was jacketed with extruded plastic materials. Experience with the C-5A and
C-141 has shown a substantial increase in fatigue life with this application.
In order to reduce cable stretch, aluminum clad was added to the cable in
areas of straight cable runs.

Discussion

This is a good requirement which has been satisfied by the C-SA control system
design and can be readily demonstrated. This requirement should be specified
for all future transport type aircraft.

Recommendation

Accept the specification "as is."
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Rcuirement

3.2.3.2.4.2 C-ble Size. Cable shall be sized to meet the load requirements
of the system with az-ple safety factors to ccmpensate for wear and deteriora-
tion vhura pulleys, fairleads, etc., are encountered. Cable size shall also
be adequate in rega3rd to per-missible cable stretch, pulley friction values,
and other variables %Lhich affect system performance. li.nere substantial loads
are carried, cables shall be sized so that limit loads dc not exceed 67 per-
cent of the rated breakirg strength of the cable and do not exceed the maximus
cable limit loads allo,,d for their pulleys.

Ceo-arison

The C-5A flig:ht cý-)ntrol system FCS cables were sized to the Contract End Item
requirerments and to the limits specified in fIL-Handbook 5.

The primary mechanical FCq was designed to a limit load input mini-mum of
three-fourths of t;w pilots, applied at the pilots controllers. The cable
system limit load strength capability exceeded this requirement. The .ctual
operational load was much less than the design limit load since only the
valve, friction, and feel system forces are reacted bi the pilot. Therefore,
ample safety factors are provided to ccmpensate for wear and deterioration
where the cable quadrants, puLleys, fair'leads, etc., are encountered. All
the pulleys, brackets, quadrants, and cable system ccmponents were designed
to the uaxirum load .£-ich could be imposed by the application of the maximum
specification desi-n limit load at the pilots controllers. The design limit
lo"s of all the 1-C3 cable systc=3 do not exceed 67 percent of the rated
breaking strength of the cable. The cable system friction was kept to a
minim= by usirng the large di-meter pulleys and mininum pulley wrap angle
allowýad by the opti,um cable run determined by a cos', weiht, and performance
trade-off study. Cable stretch wa3 minimized by the use of aluminum "Lock
Clad" to add stiffness with a minimum of w-eight.

Discuesion

This is a good requirement which has been satisfied by the C-5A control
system desig-n and can be readily demonstrated. This reqmLrement should be
specified for all fut,=re transport type aircraft.

Accept the specification "as is."
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Requirement

3.2.3.2.4.3 Cable Attachments. The minimum practical number interconnec-
tions shall be used which allow all cable segments to be ...nected manually.
Cable disconnects shall be located and designed so tha. .- is physically
impossible to misconnect in any manner, either cables in the same system or
the cables of different systems. Cable disconnects and turnbuckles shall be
so located that they will not hang up or interfere with adjacent structure
or equipment or on each other and will not snag on cables, wires, or tubing.
Corrosion-resistant steel MS swage-type cable fittings in accordance with
Mfl-T-781, swaged to form cables assemblies in accordance with MIL-T-6117,
shall be used wherever possible. Thimble ends in accordance with NIL-T-5677,
attached to cable by splicing and wrapping in accordance with ?4L-S-5676, may
be used in applications where additional joints are needed to prevent bending
fatigue failures. Turnbuckles used in flight control cables systems shall
be in accordance with MIL-T-8878. Turnbuckle and fittings shall be designed
so that they are not subject to bending forces which csm cause fatigue failures.
Turnbuckle terminals shall not have more than three thy ds exposed at either
end. All turnbuckle assemblies shall be properly safet. 4d in accordance with
MS33736.

Comparison

The number of mechanical interconnections used on the C-5A mechanical flight
control cable systems have been minimized in order to provide easier instal-
lation and maintenance of these systems. The cable discmAnects have been
designed and located so that it is physically impossible to misconnect cables
in the same or different systems. Figure 1(3.2.3.2.4.3) represents a typical C-5A
mechanical flight control cable system. On Figure 1(3.2.3.2.4.3) note that
the turnbuckle connections on adjacent cable runs are staggered such that
cross connection of the cables is impossible. All cable turnbuckles and con-
nections are spaced and located to provide clearances necessary to assure
that no interference or hang up will occur with adjacent structure or equip-
ment.

The cable terminals were MS swage-type, corrosion-resistant steel which were
awaged to form cables in ac',ordance with Lockheed's process specifications
which satisfy the intent of MML-T-5677.

M321251 turnbuckle bodies, per MIL-T-8878, were used in the cable assembly
installations. The turnbuckle and fitting installation were designed to
preclude the possibility of fatigue damage resulting from any bending forces.
The design lengths of the cable assemblies are such that after adjustment of
the turnbuckles to acquire the minimum rig load and considering the maximum
tolerance effects, all of the threads of the turnbuckle terminals remain
within the turnbuckle as shown in Figure 2(3.2.3.2.4.3) A.
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CBECONNECTION (TYIAL)
* ~SEE FIGURE 2(3.2.3.2.4-.3)

S~CAML SP-"C

FIGURE NO. 1(3.2.3.2.4.3) C-5A TYPICAL CONTROL CABLE ATTACHMENT
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TURNBUCKLE
BODY

TEkMAINAL TAKE-UP LINK

CABLE ASSEMBLY

CABLE ASSEMBLY TURNBUCKLE EYE END

TURNBUCKLE

LOCKING CLIP
UURNBUC!:LE

TERMINALS YN O T A E A S L

! T URNBUCKLE RNBO NT RTN

LOCKING LOCKING CLIPS~CLIP
CABLE E
ASSEMBLY METHOD OF ASSEMBLING LOCKING CLIPS,
TURNBUCKLE SAFETYING TURNBUCKLE BODY AAN"BD TEUMiNALS

1. PRIOR TO SAFETYING, BOTH THREADED TERMINALS SHtALL

BE SCREWED APPROXIMATELY EQUAL DISTANCE INTO THE
TURNBUCKLO PE THE N G CLIP THAN THREE 'HOEATOS
OF ANY TERMINAL SHALL BE EXPOSED OUTSIDE THE
BODY.

2. AFTER THE TURNBUCKLE HAS BEEN ADJUSTED TO ITS

LOCKING POSITION, WIGH THE SLOT INDICATMR GROOVE
ON TERMINALS AND SLOT INDICATOR NOTCH ON BODY
ALIGNEDO, INSERT THE END OF THE LOCKING CLIP INTO
THE TERMINAL AND BODY UNTIL THE U CURVED END o)
THE LOCKING CLIP IS OVER TIHE HOLE IN THE CENTFR OF
THE BODY. PRESS THE LOCKING CLIP INTO THF HOLE TO
ITS FULL EXTENT. THE CURVED END OF THE LOCKING
CLIP WILL EXPAND AND LATCH IN THE BODY SLOT. TO
CHECK PROPER SEATING OF LOCKING CLIP, ATTEMPT 70
REMOVE PRESSED U END FROM BODY HOLE WITH
FINGER ONLY, (DO NOT USE TOOLS AS LOCKING
CLIP C01-'D BECOME PERMLANENTLY DISTORTED).

3. LOCKING CLIPS ARE FOR ONE TIME USE ONLY, AND

SHALL NOT BE REUSED.

FIGURE NO. 2(3.2.3.2.4.3) C-5A CONTROL CABLE ADJ~sTJS'I?.Th~ AN~D s
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All cable assembly turnbuckles are safetied by the use of M321256 clips as
shown in Figure 1 (3.2.3.2.4.3). Figure 2 (3.2.3.2.4.3) shows the method
of turnbuckle safetying used on the C-5A control cable systems.

Discussion

The requirement to minimize the number of cable interconnections is good,
but compliance can be a matter of opinions which may differ. The other
detail hardware requirements a-re good ones which can be practically demon-
strated.

The "Discussion" section under Paragraph 3.2.3.2.4.3 of the "Users' Guide"

AFFDL-TR-74-116 presents a good example of the "depLh" of guideline informa-
tion which should be reflected in all the "Discussion" sections of the "Users'
Guide." This requirement has been satisfied by the C-5A design and should
be specified for all future transport type aircraft.

Recommendation

Accep4 the specification "as is."
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2. 4 .14 c !--4 Control cables shall be arranged in parallel
-:a.• aaUr be acc::o.iible tc in:ýcction for their entire lerIth. Cable runs

lo at; d in arreclasJtic struzcturŽ, such as aircraft wir;s, shall be routed
a'O 5'-_ to L.4i'.i:lze na'y induced cortrol action caused by structural flexure.
S-r- < bct.; "on adjaclent cables %.all pr.-vent cables, turnbuckles, and

fttn ... fron cha•fi• during all o; r oting cnditions including vibration.

2l;:> return cables shall nou srnar on cach other or i:y other equipment
or .t.uture v.,•n the ccntrolling cables are loaded to dcsign limit loads

at tre averse-tj .cxtrc...i of tc+r e,-rature, structural d*Žflection, and other
c, - atin. conditions. Caolcs shall not be subjected to critical bends at

+I., jun'cticn wit., cable te.-irn.inala or other attaching points such as on drlmw
anl sectors.

-- e C-5A l:!ch~iaical flig'tht control cable systcmn; as shwn. in Figures I and
(5.2.3.1 .1 ) are arrared in parallel rluns Qhch are accessible for inspec-

t-cn for t2,e ontire lernth of the run. A minimzun niz--ber of pulleys and
L:-ack:tj were used since mnost of the cable runs u:ere straight with a small

. r of ch2' 7ec in cable direction. For unsupportcd (by pulley) cable
ra':-, low friction fairleaa rollers (idlers) as shown in Fi6-ure 1 (3.2.3.2.4.4)
a- providcd at least every GJ inches to minimize cable sag and assure clear-

of adjacent structure during various modes of structural deflection.
.Th. cable runs located in structure s'ibjecT to significant aeroelastic deflec-

ti-.-,, such as the aircraft's wings, have been routed as close as practical to
r.h reutral bLndin- axis in order to minimaize the effect of induced control

action. Fairlead rollers (idlers) were used to maintain the wing cable runs
as close as Possible to the neutral axis during these structural flexing

i AdJacent cable assca7blies are spaced to prevent cables, turnbuckles,
i.1 fittings from chafing or hlar..irg up durirn all of the environmental
o; ,ating conditions.

,rn prinair- control cables are loaded to design limit load, the slack return
Ž is prvownted frcm any appreciable slackness by maintaining a cable
-l'd fr(c; the "slack take-up' quadrant of the tension regulator. Ade-

,, cable- guards and fairlead rol]ers retain the cables on the pulley
c" "av! nts, etc., under all env-ircnnental operating conditions. The cable

is d-sJ-nrei to provide generous or no bends at all Junction points

-I . c: tenanals, qcudrrints, sectors, etc. All cable installations are
r t-1d ziuch that th(ey do not Interfere with, block, or rub on any hinged
e(,:--r or o•"abl' equA[•zent.
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FAIRLEADS

CABLES

* \

FIGURE NO. 1(3.2.3.2.4.4) C-5A CONTROL CABLE FAIRLEADS
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Discussion

Meeting this type of requirement, can be demonstrated during testing. This
design requirement is valid and has been satisf'ied by the C-5A design and
should be specified for all future transport type aircraft.

Recommuiendation

Retain the requirement as stated.

258



Requirement

3.2.3.2.4.5 Cable sheaves. Cable drums, sectors, and pulleys of adequate
capacity and diameter for their function and to meet aircraft life require-
ments shall be provided. They shall be large enough for the cable wrap angl
such that the cable strands are not overstreased. The diameter and number o
grooves on cable drums, and the radius and angle of control cable sectors sh 11
be adequate for the required cable travel. Overtravel allowance shall not b
less than 5 percent of full travel in either direction and at least 10 degret s.
When cable wrap varies with cable travel, the initial wrap with the sheave i)
the neutral position shall be at least 115 percent of the full cable travel
in either direction. If overtravel exceeds the minimum required, cable wrap
shall be increased a corresponding amount. All cable grooves on drums and
sectors, machined or die cast, shall have root radii properly sized for the
cable size used thereon. Specific approval shall be obtained before using
plain pulleys in essential applications. Antifriction pulleys used in flighl
control systems shall be MS standards in accordance with MIL-P-7034, and the
design limit load shall not exceed the allowable limit load specified for
the applicable standard.

Comparison

The C5A flight control cable systems cable drums, pulleys, sectors, and quad-
rants, etc. were designed to meet or exceed the system functional and endurance
life requirements. Detail system design criteria included considerations of
cable friction, strength, component wear, etL.

Since cable friction forces vary inversely with pulley size the largest prac-
tical pulley and quadrant diameters were used. This relates to cable friction
increasing sharply with the amount of cable wrap up to one pitch length as
noted on Table I of Figure 1 (3.2.3.2.4.5). Therefore where a significant
change in cable direction was required a single pulley of higher wrap angle
(up to 90O)was used Gnstead of using several pulleys having smaller amounts
of cable wrap)resulting in less friction and a lighter system. The larger
quadrant and pulley diameters also reduced the stress levels of the cable
strands.

The design of all the flight control cable systems provided for cable over-
travels which exceeded ±5 percent of the maximum normal system travel and more
than +10 degrees of overtravel rotation on all of the quadrants and sectors.

All of the machined or die cast cable quadrant grooves are designed to provide
the proper root radii in accordance with the applicable military specification
groove size requirements. Anti-friction pulleys were selected to MS standards
in accordance with MIL-P-7034.

All of the cable system quadrants, sectors, pulleys, etc. were designed or
selected such that the design limit load did not exceed the allowable limit
load as specified by the applicable specifications.
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Discussion

This is a good requirement which has been satisfied by the C5A control syste,
design and can be readily demonstrated. This requirement should be specifie.

for all future transport type aircraft.

Recommendation

Accept the Specification "as is".

Requirement

3.2.3.2.4.6 Cable and Pulley Alignment. Fixed-mounted pulleys shall be
aligned with their cables within 2 degrees as specified in AFSC Design
Handbook DH 2-1, DN 3BI, Subnote I.I.3(I), Cable Pull. Where a control
cable has an angular motion with respect to the plane of the pulleys, the
maximum misalignment resulting from this motion must not exceed 2 degrees,
and the cable shall not contact the pulley (or quadrant) flange for the
total cable travel.

Comparison

The C-5A flight control cable systems were generally designed for 0 degrees
nominal misalignment between the centerline of the cable and the centerline
of the plane of the pulley, quadrant, sector, etc. In no case was this
nominal design misalginment allowed to exceed 0.5 degrees. Considering
tolerance effects, the maximum misalignment was therefore less than the
2 degree limit. This requirement also applied anytime a control cable
had an angular motion with respect to a pulley, quadrant, etc.

Discussion

This is a good requirement which hav been satisfied by the C-5A control
system design and can be readily demonstrated. This requirement should
be specified for all future transport type aircrafl.

A.ccept the specification "as is."
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Requirement

3.2.3.2.4.7 Pulley-Bracket Spacers. I.•_., spacei ; •w .Alleyb, bearings,
and pulley brackets shall not be used.

Comparison

The C-5A flight control system uses loose spacers on most of the pulleys,
pulley bracket, and bellcrank applications. On applications where a "gang"

of pulleys are used on a single mounting bracket the use of spacers was the
most economical method of spacing the pulleys. If the definition of this
requirement includes spacer bushings, then the use of a sliding bushing
on one side of a pulley bearing or bellcrank bearing, as shown in Figure
1 (3.2.3.2.4.7) is the most practical method of "clamping up" on thae bearing
without prestressing the legs of the mounting bracket or clevis joint.
On this type of application, a flanged bushing may be pressed into the
mounting bracket on the other side of the bearing be'-., installed. Without
the use of the sliding bushing or spacer the g-- 'jetv- L the bearing mounting
faces would have to be controlled by e ',. no' al mounting flanges or
closer tolerances. The thickness ' . mounting flanges would have to be
designed to accommodate a "clamp up" residual stress factor. These alterna-
tives would result in a more expensive and heavier design.

Discussion

This requirement was not met by the C-5A design. It is felt that -is require-
ment is not valid and can result in increased cost since it allows r no
other judgements. The objective of minimizing the number of loose -cponents
or components wnich can be incorrectly installed is a good one, but sLould
be evaluated as a cost effective and weight criteria. Therefore, this require-
ment would be good as a design goal for future transport aircraft.

Recommendation

Revise the wording of specification 3.2.3.2.4.7 to read:

"The use of loose spacers between pulleys, bearings, and pulley
brackets shall be avoided except when their use can be shown to provide
a cost effective solutico -ithout undue maintenance problems."

Additional Data (For Users Guide)

The use of loose spacers should be held to a minimum commensurate with cost
effective design. The use of sliding spacers or bushings car. be an effec-
tive method of 'clamping up' on the pulley or bellcrank bearing without pre-
stressing the legs of mounting brackets or clevie joints. Reference Figure

0o. 1(3.2.3.2.4.7)1 repreient a typical bearing clamp up using sliding
bushings.

NOT.: For Figure[ Lj]use next available users guide number.
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TYPICAL HINGE FITTING NO. 1, 2, 5, 6, AND 7

0.015 PLAIN SLIDING BEARING

PLAIN

FNGDWASHER

LAMINATED
SHIMFLANGED WASHER

LAMINATEDBUHN
SHIM

WASHER VIEW L

FIGURE NO. 1(3.2.3.2.4.7) C-5A TYPICAL BEARING CLAMP UP
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Requirement

3.2.3.2.4.8 Sheave Guards. Guards shall be installed at all sheaves (pul-
leys, sectc',s, drums, etc.) as necessary to prevent the cable from jumping
out of the groove of the sheave.* Guards shall be installed at the approxi-
mate point of tangency of the cable to the sheave. 'Where the cable wrap
exceeds3 90 degrees, one or more intermediate guards shall be installed.
All guards shall be supported in a way which precludes binding of the sheave
due to relative deflections in the aircraft structure. Additional guards
shall be installed on sectors as necessary to ensure retention of the cable
end in its attachment under slack cable conditions.* The design of the rubbing
edges of the guard and the selection of materials shall be such as to mini-
mize Cdble wear and prevent jamming even when the cable is slack.

Comparison

The C-5A flight control cable systems used cable guard pins on all pulleys,
sectors, drums, etc., to prevent cables from jumping out of guide grooves.
The gu~ard pins were located at the approximate tangency point of the cable
wrap angle. The guard pins were generally mounted on the same structural
member as the pulley or quadrant to preclude the possibility of binding
due to relative deflections from aircraft structure.

More than one guard pin was sometimes used for greater cable angle wraps
and additional guard devices (safety wire and cotter pins) were used on
sectors where a slack cable might permit disconnect of the cable end from
the sector and cause binding or loss of cable function. Figure 1 (3.2.3.2.4.z)
shows a guide for the application of the guard pins which was used for the
C-5A design. Table 1 indicates the number of guard pins required as a func-
tion of the cable wrap angle. The cable guards used were round and the mate-
rials such that in the event of a slack cable the cable wear was minimized
and the chances of a jam were precluded.

Discussion

This is a good requirement which has been satisfied by the C-5A control system
design and can be readily demonstrated. This requiremenit should be specified
for all future transport type aircraft.

Recommiendation

Accept the specification "as is."

Additional Data (For Users Guide)

The table shown in Figure DJo. 1(3.2.'w.2.4.82 is a representative industry
I' guideline for Guard pin locations.

NOTE: For Figure ]use next available users guide number.
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Requirement

3.2.3.2.4.9 Sheave Spacing. In any given cable run, no portion of the

cable shall ever pass over more than one sheave.

The C-5A flight control cable system design provided a spacing greater than
the maxrimm cable travel between all cable pulleys, quadrants, sectors, etc.,
on the same cable element. This consideration provided for reduced wear,
increased cable endurance life, and reduced friction. Not only does this
preclude the transferral of cable twist from sector to sector reaulting in
increased wear and friction, but it also prevents stress reversals of the
cable fibers to give better fatigue life.

Discussion

This is a good requirement which has been satisfied by the C-5A control
system design and can be readily demonstrated. This requirement shoul d
be specified for all future transport type aircraft.

Recommnend~ation

Retain the requirement as stated.
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Requirement

3.2.3.2.4.10 Cable Tension. Cable rig loads shall insure positive cable
tension in control and return legs of closed-loop cable installations under
all operating conditions including airframe deflection and differential
expansion and contraction between the cable and airframe structure through-
out the designed operating temperature range. The cable return leg may
be allowed to go slack when the control leg is loaded above the normal
operating load, providing it cannot snag, when the control leg is loaded
at any load up to limit load, and that there is no hazardous loss of system
performance. Cable tension regulators shall be provided only if positive
cable tension cannot be maintained in both legs, with reasonable rigging
loads.

Comparison

The C-5A flight control cable system was designed to provide the required
cable tens ton in the closed-loop cable installations under all operational
and environmental conditions.

On the long cable runs, as shown in Figure 1 (3.2.3.2.4.i0), tension regula-
tors are used to maintain the cable tension rig load. On shorter cable
runs, as shown in Figure 2 (3.2.3.2.4.i0), the cables are rigged to a load
which meets all of the load and environmental operating conditions while
satisfying the fuwctional requirements of input response and operating
loads. The cable rig loads were selected to provide positive tension under
all combinations of temperature changes, structural deflection, and applied
load to prevent cables from becoming slack and sagging into adjacent equip-
ment. Since the cable system friction is directly proportional to the cable
load the cable rig tension was held as low as possible.

Factors which determined the rig tension requirements are listed below in
two categories.

Thermal Effects

"* Differences in expansion and contraction between the cable and air-
frame over the full range of operating temperatures

" Heating from adjacent equipment

"* Effects of temperature lead or lag on cables and airframe resulting
from rapid temperature change

Mechanical Effects

• Effects of aircraft structure deflections on cable load and movement

resulting from maneuver loads or equipment loads.
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2. UPPER CONTROL (OLUMN
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FIGURE 2 (3.2.3.2.4.1o) C-5A CONTROL COLUMN CWJLE,.
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"* Effects of structural movement on cables during pressurization

cycles

"e Breakout friction

The closed loop cable system are designed so that they never become exces-
sively slack under the most adverse operating condition. This minimizes
the possibility of a loose cable from hanging up and prevents unnecessarily
"spongy" cable system with its increased dead band and resultant lose of
increment control and response.

Discussion

Cable teusaion regulators permit reduced cable tension with resultant reduc-
tions in system breakout and improved centering. The last sentence of the
requirement therefore is too restrictive. It is suggested that more specific
requirement guidelines be provided in the "Users' Guide." This is generally
valid, has been satisfied by the C-5A design and should be specified for
future transport type aircraft.

Reccmmendation

Revise the requirement as follows:

Delete the last sentence
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Requirement

3.2o3.2.4.11 Cable Tension Regulators. When used, tension regulators shall
maintain required tension at all times. Integral calibration shall be pro-
vided to show proper cable tension without the use of external tensionmeters
or other equipment.

Comparison

Tension regulators were required for the long lengths of the mechanical
input cable installation for the C-5A flight control system as shown in
Figure 1 (3.2.3.2.4.1o). The tension regulators insured positive cable
tension in the control and return legs of the closed loop cable installations
during all the operational, environmental, and limit load operating condi-
tions. The initial design requJrement was based on a trade-off study of the
functional requirements and penalties of the use of tension regulators versus
a "soft" cable system with no tension regulators, considering the parameters
of weight, complexity, cost, and failure modes. The tension regulators also
provided slack take-up to prevent excessive sagging of the return cable leg
during a high or limit load operating condition. The type of tension regula-
tor used in the C-5A control system is shown in Figure 1 (3.2.3.2.4•.I1).
Spring loaded sectors and a sliding "crosahead" member maintained the required
cable tension. A tension regulator scale as shown in Figure 1 (3.2.3.2.4.11) B
shows the cable tension.

Integral surge looks are incorporated into the tension regulators which auto-
matically "lock up" the two quadrant sectors in the event of a broken cable,
thus preventing a "hard over" signal from being generated by the free sec-
tore' compensation spring.

Discussion

The C-5A flight control system was designed to use cable tension regulators
that meet this requirement.

This is a good requirement which can be practically demonstrated and should
be specified for all future transport type aircraft.

Recommendation

Ac2evt the specification "as is."
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FIGURE NO. 1(3.2.3.2.J4.11) C-5A RUDDER CONTROL CABLE TE~sioN REOuLiLToR
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Requirement

3.2.3.2.4.12 Pairleads and Rubbing Strips. Fairleads shall not cause any
angular change greater than 3 degrees in the direction of the cable under
all conditions including those due to structural deflections in flight.
Fairleads shall be split to permit easy removal unless the size of the hole
is sufficient to permit the cable with swage terminals to be threaded through.

Comparison

The C-5A flight control cable systems do not use any rigidly mounted fair-
leads or rubbing strips. To keep cable friction to a minimum, fairlead
rollers (cable idlers) were used to keep cables from chafing, snagging
and slapping against each other or adjacent parts of the aircraft. Even
with fairlead rollers the angular change of cable direction was kept to
very small angles. The pressure seals are a non-metallic material which
the cable runs through, but this seal is allowed to ride in an oversize
hole such that no angular change of direction of the cable occurs. These
pressure seals are split to permit their easy removal.

Discussion

This is a good requirement which has been satisfied by the C-5A control
system design and can be readily demonstrated. This requirement should be
specified for all future transport type aircraft.

Recoommendation

Accept the specification "as is."

Additional Data (For Users Guide)

An alternative tp fairlead rub strips are fairlead rollers such as those
shown in Figure to. 1(3.2.3.2.4.4)] . The fairlead rollers result in less
friction than the rub strips.

NOTE: For Figure[ ) use the next available users guide number.
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5.2.3.2.4.13 1 .... -2 • -i, Pv'oszurc scals ohall meet compartment sealing
rcmir"; :•nta wit2hin cable installation friction requirements. They shall be

dcsi.al d to preclude Ja.--inz the control sy3t,-m.

The C-5A fliht control cable system Uses a. pressure seal like the one shown

in Pi,;ure 1(3.2.3.2.4.13) to meet thie specificd pressure sealing requirements

of a pressourized ccmpart-,'ent and maintain a mininmun of cable friction. The

"ceal" cn this installation, as on any l-- friction seal, is in fact a con-

trolled lehke'e orifice vhich me.ets the allo-;•able ccmpartment leakage require-
mnets. The inner "pressure seal set" may be installed or replaced after the

cables are installed and t.his "seal set" also accoz:odates cable misalign-
mont without increasing the cable friction.

7,e seal material is such that if a jam should occur, although this is very
improbable, the softer flanges of the "pressure seal set" could be sheared

out by a higher pilot force to clear the jam.

D) 1' ion

This is a good requirement which has been satisfied by the C-5A control
system design and can be readily dcmcnstrated. This requirement should be

sV>Žcified for all future transport type aircraft.

Me•,"- •d.atien

Acceet the specification "as is."

Addit. ional Data (For Users Guide)

* roqeure seals should be designel to minimize misaligrment of the cable from

.i-cetural deflectio:. or production tolerances in order to minimize cable
fri:io.n. Cne method! of accc:r.plishin!, this is to provide some type Cf blott-

' ;,h:ich will allow the 'seal set' to move with the cable nisaligr-ent and
* . .ch still mainta.n.s \s sca-linZ qualities. Fi _ure No. . I
r';reser.ts Lockheed's particular te::td design solution.
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FIGURE NO. 1(3.2.3.2.4.13) C-5A CABLE PRESSURE SEAL
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Requi rement

3.2.3.2.5 Push-Pull Rod Install ations. Push-pull rod installations shall
be designed to preclude binding or separating from the mating linkage and
shall permit servicing and riggin,.

Comparison

TIe C-5A flight control system (FcS) used push-pull rod installations
only in selected locations within the control cable system installations
for certain specialized functions. Figure 1 (3.2.3.2.5) illustrates a
typical push-pull rod installation which is used as an interconnect between
two independent cable systems using a rod which incorporates a shear out
capability. Figure 2 (3.2.3.2.5) illustrates the use of an override bungee
ar,a trim actuator installed in series with the input system and servine a
dual function of providing the normal pilot input push-pull rod motion in
addition to their alternate functions. All push-pull rods and equivalent
components were designed to preclude binding and separation from the mating
linkage. The rod end bearing on one end of each rod is threaded in, tnen
fixed by a rivet. The bearing rod end at the other end of the rod assembly
is adjustable, but can be locked in position after adjustment by the use of
a jam nut in combination with either an NA.S513 or WAS1193 lock washer as
shown in Figure 3 (3.2.3.2.5). All the push-rod attachments are bolted to
the clevis joint by a close tolerance bolt and a self-locking castellated
nut which is cotter pinned.

All push-pull rod installations are designed and located to permit easy
servicing and rVgging. Where it was necessary to assure easy servicing
and rigging ý access doors or plates were included in the design.

Discussion

This is a good requirement which has been satisfied by the C-5A control
system design and can be readily demonstrated. This requirement should
be specified for all future transport type aircraft.

Recommendation

Accept the specification "as is."
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Additional Data

igure fNo. I (3.2.3.2.5)2 illustrates a typical push-puill rod installation,
in this case for interconnecting redundant cable systems. Sometimes, one
end of a rod is a bearing rod end and the other is a fork end. Other rods
may use either a bearing rod end or a fork end on both ends of the rod. In
most applications, only one end is free to be adjusted and the other end is
fixed similar to the arrangement shown in Figure LNo. 3 (3.2.3.2.51. In a
few applications, both ends of the rod are made adjustable for ease of main-
tenance. These designs permit rod length adjustment in one-half turn incre-
ments of the rod end only. In rare instances, where finer adjustments to
rod length are required, a turnbuckle arrangement is used employing left-
hand threads on one end and right-hand threads on the other end. In all
cases the rod ends are eithsr permanertly fixed to the rod or mechanically
safetied against rotation. Typical safetying includes slotted rod and
fittings with NA3513 or NAS1193 washers, jam nuts and safety wire.

Note: For Figure No. [ J use next available "Users' Guide" number.
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26

1. COPILOT'S TENSION REGULATOR ASSEMBLY
2. RIG PIN HOLE

3. BOLT ASSEMBLY (BOLT, WASHER, NUT, COTTER PIN)
4. BRACKET ASSEMBLY
5. INTERCO.NINr'lT ROD
6. PILOT'S TENSI .JN REGULATOR ASSEMBLY
7. SHEAR RIVET
8. SCREW ASSEMBLY (SCREW, WASHER, NUT, COTTER PIN)
9. OUTER TUBE

10. CENTER TUBE SECTION
II. FILLER

FIGuRE NO. 1 (3.2.3.2.5) AILERON TENSION REGAL&TOR unwERCONNECT ROD
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I. BOLT ASSEMBLY (BOLT, WASHER, NUT, COTTER PIN, 5
AND SArETY WIRE)

2. RIG PIN HOLE 4A

3. OVERRIDE BUNGEE 4
4. BOLT ,SSI&IOLY (BOLT, BUSHING, WASHER, NUT AND COTTER PIN)

4A. AILERON SERVO INPUT ARM ASSEMBLY
5. AILERON TRIM ACTUATOR
6. AILERON
7. MANIFOLD INPUT ARM

FIGURE 2 (3.2.3.2.5) AILERON SERVO INPUT SYSTEM
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:.2.3.2.5.1 Ptuh-Pull Rod Assemblies. Push-pull rod assemblIes shall be
dsigFned and irstalled such that inadvertent detachment of adjustable termi-
nals is impcssible, and such that any change in length due to loosening of
the terminals cannot result in an unsafe condition. On any single rod
assembly, adjustment shall be possible at one end only. The fixed end of
each rod shall be attached to its mating linkage element in a manner which
precludes rotation of the installed assembly. The adju~.table end shall be
of the clevis type or join a clevis type in such a manner that it is also
prevented from rotating. When an unsymmetrical rod is used, such as one
with a cutaway portion to allow for relative motio'n of an attached link,
the rod end terminals and mating linkage el'.cents shall positively P.-event
incorrect inctallation of the rod. i ll rods shall have a minimum wall
thiclkeess of 0.035 inches and shall be capable of withstanding loads of 1.5
tinzes limit loads in both tension and compression without failure, buckling,
or any other form of permanent d~eformation. All joints shall be made in a
mannier which precludes loosening and fatigue failure. All closed cavitiz
in rod assemblies installed in unpressurized spaces shall be provided with
dc-ain holes adequate to drain ingested water unless cavities are air tight.
All push-pull rod terminals shall incorporate antifriction bearings as spe-
cified in 3.2.7.2.1.1 or self-lubricating spherical bearings as speciL ed
in 3.2.7.2.1.2. All terminal pins shall be retained as specified in 3.2.8.3.2.'.
L. je washers or other loose spacers shall not be used to m.intain terminal
spa:ing in the connecting linkage.

Cc-• rison

The C-5A flight control system push-pull rod cssemblies are designed and
installed to prevent inadvertent detachment or change in length due to
loosening of the adjustable rod end attachments thereby precluding develop-
ment of an unsafe condition. Push-pull rod assemblies or components are
usually designed to hade adjustmenz at one end only. The fixed end of the
push-pull rod assembly is always installed in a manner which pre.jludes rod
assembly rotation. Figure No. 1 (3.2.3.2.5.1) illustrates t.!e usual manner
of push-pull rod installation which has the rod end bearing installed
bet-een the bellcrank clevis lugs thus preventing rod rotation. The adjust-
able rod end uses a mechanical locking device such as Pn NAS1193 or NAS513
lock washer, jam nut and safety wire as shown in Figure No. 3 (3.2.3.2.5).

The push-pull rod end bearings are either an antifriction bearing as
specified in 3.2.7.2.1 .1 or self-lubricating as specified in 3.2.7.2.1.2.
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All push-pull rods and components were designed to meet the limit load cri-
teria of 3.2.3.2.1 which was much higher than the normal maxiu-m operatirhs
loads. However, the ultimate load criteria was 1.5 times limit load whereby
component deformation was allowed.

Discussion

The detail design criteria required by this specification is good, except
for two areas concerning the load requirement and the use of loose spac rs
or bushings which were not met by the C-5A design. The load requiremant
that the push-pull rods shall be "capable of withstanding load3 of 1.5 tin-z-s

limit load without failure, buckling, or any other form of permanent defor-
mation" is not consistent with the general stress criteria specified in NIL-
Handbook 5 and the industry standards. Normally a factor of 1 .5 tirzes limit
load constitutes an ultimate load criteria which does allow defornmation of
the member. The other area of concern is the requirement to prohibit the
use of any loose spacers (or bushings) to maintain spacing in the connecting

linkage joint.

A change has been recommended to change paragraph 3.2.3.2.4.7 to specify
minimizing the use of loose spacer or bushings as a design goal. As shiown
in Figure No. 1 (3.2.3.2.4.7) loose sliding bushings are used to maintain
a Tight joint against the rod end attach bearing within the clevis Joint.
This has been done in the C-5A FCS in order to allow a greater (more econo-

mical) tolerance between the clevis faces in addition to precluding the effects
of stress norrosion from clamp up prestressing on the clevis faces.

The specification as recommended for modification is good. It has boen met
by the C-5A design and can be readily demonstrated. It is reco ended that
this requirement be Lpecified for all future transport type aircraft.

Recovzendation

Revise the fifth sentence of 3.2.3.P.5.1 to read:

"Push-pull rods shall have a minimum wall thickness of 0.035 inches
and shall be capable of meeting the ultimate load factor of 1 .5 ti-:zes
limit load in both the tension and compression directions."

Revise the last sentence to read:

"The use of loose spacers to maintain terminal spacing in the con-
necting linkage shall be held to a minimum."
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Requirement

3.2.3.2.5.2 Levers and Bellcranks. Applicable requirements in AFCS Design
Handbook DR 1-6; System Safety, Section 3J; Flight Control Systems, Design
Note 3J2; Mechanical Flight Controls; Pu.Lleys, Brackets and Bellcranks, and
Design Note 3JX; Safety Design Checklist, shall be met. Bearings shall have
adequate self-aligning capability if necessary to prevent excessive deflec-
tion loads on levers and bellcranks, and, their installations shall be designed
for easy replacement so that the parent part may be reused. Levers and bell-
cranks designed with dual load paths having the two sections positively Joined
by permanent fasteners, such as rivets, shall be bonded with adhesive.

Coamarison

All levers and bellcranks used in the C-5A flight control systems have been
designed to follow the same criteria as those defined for the mechanical
flight controls in AFSC Handbook DH 1-6, Section 3J. The bellcrank and
push-pull rod installations used self-aligning bearings to accommodate system
misalignment from kinematics, installation, and tolerance effects. Bellcrank
installations were located close to structural components to provide maximu
protection and stiffer mounting. Applied reliability and maintainability
requirements assured system simplicity and easy access to the components.
Safety considerations were assured in the design process by rigid application
of the reliability and safety requirements specified in the Contract End
Item (CEI) specifications.

Discussion

This is a good requirement which has been satisfied by the C-5A control
systems and can be readily demonstrated. This requirement should be speci-
fied for all future transport type aircraft.

Recommendation

Accept the specification "as is."
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Requirement

3.2.3.2.5.3 Push-pull Rod Supports. Where long sections of push-pull rods
are utilised in applications where Jamaing is not extremely remote, guides
shall be installed at intervals to preclude fouling in the event of rod
failure.

Comparison

The C-5A flight control system (FCS) used wire Jupers as push-pull rod
guides for the aileron system interconnect as shown in Figure No. 1(3.2.3.2.5. ).

The jumpers would serve as a guide for the push-pull rod to preclude a pos-
sible Jam condition in the event of a broken rod or loss of a Joint connec-
tion. An extensive analysis of the FCS push-pull rod/bellcrank systems
revealed this location to be the only one where a Jam potential, following
a failure, was possible.

Discussion

This is a good requirement which has been satisfied by the C-5L control sys-
tem design. It can be readily demonstrated and is valid for all future
transport type aircraft.

Recommendation

Accept the specification "as is."
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Requirement

3.2.3.2.5.4 Push-Pull Rod Clearance. Clearance between push-pull rods,
and between rods and aircraft equipment and structure, shall be as speci-
fied to permit removal of adjacent LRU's without disconnecting the rods.

Comparison

The minimum clearance between the flight control system (FCS) push-pull
rods, bellcranks, components, and structure have exceeded the requirements
specified in 3.2.3.1.2 to insure that no probable combinations of tempera-
ture effects, air loads, structural deflections, vibrations, manufacturing
tolerances or war can cause binding or jamming. The FCS design has pro-
vided for easy accessibility and maintenance of the push-pull rod/bellcrank
systems such that any adjacent components may be removed without disconnec-
ting the rods. Typical FCS push-pull rod systems are shown in Figures No.
1(3.2.3.2.3), No. 2(3.2.3.2.5) and No. 1(3.2.3.2.5.1).

Discussion

This is a good requirement which has been satisfied by the C-5A control
system design and can be readily demonstrated. This requirement should
be specified for all future transport type aircraft.

Recome dation

Retain the requirement as stated.

Requirement

3.2.3.2.6 Control Chain. Where used, control chains shall be of standard
aircraft quality and conform to M3L-STD-i421. Connecting links shall be
retained with standard nonhardened cotter pins. Spring clips shall not be
used.

Coarison

The C-5A flight control system does not use any control chain.

Dincussion

This is a good requirement which, although not applicable to the C-5A, is
applicable to transport type aircraft generally (Lockheed C-130 and C-140).
This requirement can be raadily demonstrated where applicable and should be
specified for future transport type aircraft.

Recommendation

Accept the specification "as is."
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Requremnt.

3.2.3.2.7 Pt-h-.__Il Mlc_ ble Controls. Puzth-pull flcmible comtrols may
be used for transmitting control si-nals in noncritical arplicaticns, but
specific approval from th" procuring activity m=7t be obtained before use
in essential and flight phase essential applications. LWhcre used, they
shall conform to MIL-C-7958. Installations shall avoid an excessive nrzmber
of bends to keep friction forces within acceptable values and minimize the
possibility of jaeinsr, and the rousing shall preclude damn-e due to person-
nel using them as steps and hantdholds. Conduits chall be su-corted at
frequent intervals, but not so tightly that the control is reatrained
axially.

Comparisnm

The C-5A secondary controls used a short lerth of piuzh-pull flemible
control in the fuel shut-off system. This applicaticn Ias believed to be
Justified because it was a secondary function and the conventional mechanical
system would have been more complex and heavier. The systcm used a "Ccntrolex"
ball-bearing typo of push-pull fle:xible cable betuse of its hircher efficiency.
The cable run was relatively straight with only t,,o -nerous radii bends and
was supported at frequent inte-vals. The puoh-pull flexible control system
was designed to the requirements of MIL-C-7533.

Discussion

The push-pull flexible control systems should only be used in very specialized
applications and follow the type of guidelines defined in the "Users Cuide."
This is a good requirement which has been satisfied by the C-5A control sys-
tem design and compliance can be dcmonstrated. This requirement should be
specified for all future transport type aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.2.-3.3 Electrical Signal Transmirsion. The following requirements apply
to all essential and flight phase essential signal paths. Except for power
sources, such eystems shall be independent of failure modes associated with
any other electrical system. Cross connections between redundant electrical
signal paths shall be eliminated, or minimized and electrically isolated.
Wire runs and components in redundant control paths shall be physically
separated and electrical shielding shall be installed, as necessary, to
meet failure immunity and invulnerability requirements. All interconnecting
wiring shall be prefabricated, Jacketed cable assemblies. The outer jackets
shall be identifiable by a unique color or other means. Wiring Installation
shall be in accordance with MlL-W-5068.

Comarison

This requirement is applicable to the C-5A. The C-5A does comply with the
stated requirements for electrical signal transmission as the aircraft imple-
ments the criteria of NIL-W-5088 and CEI Specification CP 40002 . These speci-
fications have more stringent requirements than the above paragraph in some

o pheaas .

Discussion

The requirement is qualitative rather than quantitative. This, however, does
not distract from the intent of the paragraph whitch is clearly to insure
mini susceptibility to multiple failures in the transmission signal paths.
For this reason the requirement is applicable to transport aircraft and should
not be restricted to "essential and flight phase essential signal paths."

Recoemendation

It is recommended that the paragraph be changed to eliminate the first
sentence and tharefore to read as follows in order to increase applicability.

"3.2.-.3 Electrical Signal Transmission. Except for power sources,
such systems shall be independent of failure modes associated with
any other electrical system. Cross connections between redundant
electrical signal paths shall be eliminated, or minimized and elect-
rically isolated. Wire runs and components in redundant control
paths shall be physically separated and electrical shielding shall
be installed, as necessary, to meet failure immunity and invul-
nerability requirements. All i terconnecting wiring shall be pre-
fabricated, jacketed cable asse blies. The outer jackets shall be
identifiable by a unique color dr other means. Wiring installation
shall be in accordance with MIL-W-5088."
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Requ._ ement

3.2.3.3.1 Electrical Flight Control (EFC) Interconnections. EFC (6.6)
wiring in individual channels shall be routed, isolated and protected to
minimize the applicable threats to redundancy. Channel loss due to any
foreseeable hazard, not extremely remote, shall be limited to a maximum
of a singl. channel. The adequacy of the separation, isclation and pro-
tection attainable in any given location for any given hazard shall be
evaluated for each aircraft design. Additional protection shall be pro-
vided for the EFC wiring where analysis shows that any single hazardous
event, not extremely remote, could cause the loss of more than one EFC
channel. Primary structural components shall be used to afford this pro-
tection where possible. Where it is approved by the procuring activity to
route the EFC wiring through wheel wells or other areas subjected, during
flight, to the slipstream or impingement of runway fluids, gravel, etc.,
the wiring shall be protected by enclosures and routed directly through
without unmecessary termination or junctions. Where terminations or
junctions to equipment in these areas are required, they shall be protected
from such impingements. This shall also be done in areas where a high
level of maintenance is likely to be required on other systems and equip-
ment.

3.2.3.3.1.1 Cable Assembl. Design and Construction. The outer Jacketing
for EFC wiring shall not create stresses on the wire and connector termina-
tions and shall not stress the wires in a mrnner which opens the connector
grommet seals. During design of the cable assemblies, particular attention
shall be paid to the requirements of the circuits within the cable and ade-
quate EMI and EMP control methods, e.g., shielding, twisting, etc., shall
be incorporated into the design. Where shielded wires are used, provisions
shall be made for carrying the shields through the connectors where single
point grounding is necessary. A signal return wire shall be provided for
each signal level circuit in the cables. All cable assemblies shall be
constructed in an area with temperature and bumidity controls and positive
pressure ventilation and shall be cl aned (all wire cuttings, etc., removed)
and inspected after lsyup and prior to Jacketing to assure that no poten-
tially damaging particles have been included, particularly at the entrance
to the grommet seal. All cable assemblies shall be constructed, tested
and inspected by specially trained and certified personnel. Terminal
boards shall not be Ged in EFC wiring. Splices shall be qualified,
permanent-type splices.

3.2.3.3.1.2 Wire Terminations. Crimp type wire terminations (spade, lug
or connector) shall be used on all EFC cables. Soldered and potted connec-
tions shall not be used. With the terminal installed on the wire, the wire
shall be visible for inspection at both ends of the crimp barrel. The length
of wire visible between the insulation and barrel shall not exceed 1/16 inch.

3.2.3.3.1.3 inspection and Replacement. The 9FC wiring shall be installed
so that it can be inspected for damage and replaced as necessary. The instal-
lation shall provide for visual inspection in critical areas such as hazardous
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environment areas or areas where a high level of maintenance is required on
system or equipm~ent in close proximity.

Comparison

The C-5A EFC wiring is designed to satisfy the requirements of CEI Specifi-
cation CP 40002 and military specification MIL-W-5088. The following charac-
teristics are incorporated within the requirements of these specifications.

*Redundant systems must be isolated physically and electrically so
that a single failure cannot cause loss -if both systems.

*Cables and junctions are identified per standard techniques.

9 Wires or cables are not to be routed under or within six inches
of flammnable fluid lines unless specific precautions are taken.

- Wires and cables are to be routed for maximum reliability and
minimum interference and coupling between systems.

* Wires and cables are to oe bundled and routed for ease of installa-
tion, inspection, and maintenance.

- Crimp type wire connectors are to be used rather than solder.

*Connector grommet seals are to be permanent.

*Only qualified permanent splices are to be used and only where
permitted.

All junctions which ara exposed to possible impingement are to be
protected with insulating materials.

Discussion

The C-5A complies with the above requirements at least partially. Full com-
plianice Is somewhat difficult to ascertain as the requirements are not easily

L demnsntrable. The intention of the requirements is interpreted to be a quali-
tative statement pertaining to safety of flight through the proper design and
installation of the EFC systems.* Therefore, the requirement is valid and
clearly applicable to transport aircraft. Although there is no reference
to N3IL-W-5088 in the paragraphs, much of the requirement is contained in
that specification which is a general requirement in Paragraph 2.1. No
changes are suggested to maintain validity with future transport designs.

Recommendation

Accept "as is."
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Requirement

3.2.3.3.2 Mult:!Plexing. Multiplexed signal transmission circuits shall
be the digital time-division-multiplexing type utilizing a twisted shielded
pair cable as the transmission media for the multiplex bus. The multiplex
data bus line and its interface electronics, multiplex terminal unit shall
meet aL-SD-1.553.

Comparison

The C-5A aircraft does not have multiplexing in the FCS in either the manual
or automatic channels. Some multiplexing is used in other systems on the
aircraft.

Discussion

The requirement is not applicable to the C-5A aircraft FCS in particular
although it may pertain to transport aircraft in general. Therefore no
reco endation is made.

Recommendation

Accept "as is."

ti
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Requirement

3.2.4 Signal Computation

3.2.4.1 General Requirements

3.2.4.1.1 Transient Power Effects. Flight control computers ahall not
suffer adverse effects, which result in operation below FCS Operational
State I, due to power source variations within the limits specified for
the applicable power system. In the event of power source interruption,
no adverse effects shall result which limit operation or performance of
flight control computers upon resumption of normal quality power.

Comparison

The C-5A was designed to operate normally with power source variations of
IMM-STD704 power systems. The C-5A Automatic Flight Control Subsystem
includes Stability Augmentation Systems which have monitoring for automatic
disergagement and positive manual disengagement. Both of these design fea-
tures can be momentarily affe-ted by power interruptions which, depending
upon the length of the interruption, may result in disengagement. Normal
operation or performance would not be permanently affected and the pilot
can reengage the systems upon resumption of normal quality power.

The C-5A meets the intent of this requirement.

Discussion

If the statement in the requirement, "no adverse effects shall result which
limit operation or performance," can be considered to permit system dis-
engagement as normal r.hen due to a power source interruption, •hen this
requirement is valid for present and future aircraft.

Reco mendation

Retain the requirement as stated.
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Requirement

3.2.4.1.2 Interche~ability. The requirements of 3.2.7.1.2 shall be met,
and tolerances shall be such that interchange cf any computer component,
module, or LRU with any other part bearing the same part number shall require
only minimum resetting of parameters or readjustment of other components in
order to maintain overall tolerances.

Comparison

The C-5A FCS requirements do not permit resetting of parameters or readjust-
mant of other comnnents on the aircraft in order to maintain overall toler-
ances. Initial aiignmernt of LRU's is permitted by rigging and null adjustment-
of electromechanical aensore. Bench adjustment of individual LRU's is permitted
in order for the LRU to meet individual acceptance test requirement, but these
adjustments must be secured and be tamper-proof prior to installation on the
aircraft.

The C-5A meets the inte% -." this requirement.

Discussion

This requirement is in conflict with requirements 3.1.9.5 and 3.2.7.1.1.
Requirement 3.1.9.5 (Invulnerability to Maintenance Error) states that
"All line replaceable units (LRT's) shall be designed to permit making
internal adjustments only on the bench. The system shall require only a
minimum of rerigging following replacement of LRU's." Requirement 3.2.7.1.1
(Standardization) states that "tolerances shall be such that interchange of
any LRU with any other part bearing the same part number shall not require
resetting of parameters or readjustment of other components in order to main-
tain overall tolerances znd performance." Both these requirements are in
line with current electronics technology.

This requirement as written should be deleted and replaced with a new require-
ment which differentiates between on-aircraft and bench adjustments and allows
one-time null adjustments on electromechanical units during installation.
The null adjustment could be interpreted as being part of the rigging allowed
in Requirement 3.1.9.5. Since null adjustments, rigging and parameter adjust-
ments can be confused, their requirements should be discussed individually.
Therefore, changes to the stated requirement are recommended.

Recommendation

Delete the requirement and replace with the following:

"3.2.4.1.2 Calibration Adjustments. The equipment may contain inter-
nal adjustments to be used for bench calibration. All equipment shall
meet ýhe requirements of 3.1.9.5, 3.2.7.1.1 and 3.2.7.1.2 wherein
adjustments of parameters are not permitted on the aircraft. Null
adjusiment of electromechanical sensors is permitted during rigging,
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but should be kept to a mirJuzý:i. Whlen in-.ernal adjustments are used
they shall be provided with a positive lockinýg means to pievent any

chane in adjustment due to envirorzcntal conditions encountered in

service. Atny adjustments which are ýrisible and accessible after asncm-
bly shall be tamper-proofed or providjd dith a seal or other means of

determining visually that the adjustmeCts have not been altered."

3.2.4.1.3 Cc'-7uter Si.-nals

3.2.4.1.3.1 Si-nal Tr2.rzissions. Signal transmissions between computer
components and modules shall be done by using direct mechanical, hydraulic,

pner'matic, or electrical coriections, as required. Use of light transmission
technology or other nonconventional zranonoiscion paths requires specific appro-
val of the procuring activity.

Cc-nirison

Sigial transoa.ssion between computer components used in, or interfacing wJth
the C-51 FCS, is accomplished by electrical, hydraulic, and/or mechanical nean:s.

Further descriptions and comnents are contained in the validation discussions
under Paragraphs 3.2.4.2 and 3.2.4.3.

liYU -, ja 3to n

T.hroughout the validation of subparagraphs under 3.2.4, as well as other
areas, there is a need to clarify or define much of the terminology to avoid
confusion and assure a uniformity of understanding. Therefore, definitions

of words which are applicable to this and in some cases other areas of valida-
tion are recorr.-cended for inclusion in Paragraph 6.6. Definitions will be

added for the following words: Compýioer, Nechay ical Signal Compputation,
IMcdule, Component, Circuit, and LRU.

The C-5A FCS complies with the intent of this par. graph and can be demonstra-

ted. This r-)quirement should be specified for all future transport type air-

c raft.

Retain tha requirement as stated.
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Requirement

3.2.4.1.3.2 Signal Path Protection. Where redundant computing paths are
provided they shall be isolated or separated when required to meet the invul-
nerability requirements of 3.1.9.

Cooparison

The C-5A flight controls contain redundant elements in the primary flight
controls, some autopilot modes, automatic throttle, angle of attack, stallimiter
and stability augmentation systems. These systems were designed to meet the
environmental, maintenance, human factors, and failure criteria required for
the C-5A. The C-5A requirements are similar to the invulnerability requirements
of Paragraph 3.1.9 of this specification. It is felt that the C-5A meets the
intent of this requirement.

Discussion

This requirement is valid because it requires that all design parameters be
considered in the design of redundant systems. There should be no difficulty
in demonstrating compliance with this requirement.

Recommendation

Retain the requirement as stated.

296

.. - --,



Requirement

3.2.4.2 Mechaxiical Signal Computation

3.2.4.2.1 Element Loads. Mechanical computer signal transmission elements
subjected to the pilots' input force shall be capable of withstanding the
loads specified in 3.2.3.2.1.

3.2.4.2.2 Geared Mechanisms. All geared mechanisms used in mechanical
computer components shall meet the requirements of MIL-G-6641.

3.2.4.2.3 Hydraulic Elements. Hydraulic computing elements shall be designec
in accordance with MIL-C-5503, MIL-H-8775, MIL-C 9890 or ARP 1281 as appli-
cable. MIL-V-27162 shall be used as a general guide for the design of control
valves used in hydraulic computing components.

3.2.4.2.4 Pneumatic Elements. All pneumatic computing elements shall be
designed in accordance with M1L-P-8564 and AFSC Design Handbook DH 1-6, Sectio:,
30, Pressurization and Pneumatic Systems, as applicable.

Comparison

The term Mechanical Signal Computation is subject to interpretatV.on as to
what it encompasses. If we presume that the mechanical computer is a com-
ponent or sub-system which gathers intelligence and then translates this
information into a series of mechanical computing functions to p.oduce another
logical output function, then the C-.5A elevator artificial feel ?ystem could
be included. The C-5A elevator artificial feel system shown in Figure 1
(3.2.4,2) uses the variable feel unit shown in Figure 2 (3.2.4.2) as the
primary "computing" function. The elevator artificial feel system provides
the pilots with artificial feel forces which permit safe maneuvering of the
aircraft throughout its operational flight envelope. The total feel system
consists of three force prco.ucing sources which are springs (centering and
servo) input system, bobweight effects, and the VFU system itself. The
VFU receives pitot pressure which varies as a function of aircraft speed.
This pitot pressure variation moves a hydraulic control valve which varies
the magnitude of the hydraulically imposed load acting on a mechanical cam
roller. This cam roller rides in a cam attached to a bellcr~nk which is
rotated as a function of the pilots' input motion. Increasing aircraft
speed, increases the pitot pressure which increases the hydraulic pressure
which simultaneously increases the cam roller force thereby producing a
higher' "feel" force on the pilots' control column at any position.

The input levers which were subjected to the pilots' input force were designed
to withstand the limit loads imposed as specified in Paragraph 3.2.3.2.1.
The hydi aulic computing elements were designed to the requirements of MIL-C-
5503 and '411-H-8775.

I
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Another C-5A device using mechanical signal computation is the Central Air
Data Computer (CADC) which is a mechanical Inaiog computer. The CADC
supplies control signals to the automatic flight control system as well as

to other aircraft functio-'ii systems. The CADC was designed to the require-
ment3 of Contract End Item specificati n CP 40002-9B which required CADC
performance in accordance with IiIL-C-3QO57 exc •pt for differences required
by the air vehicle requirements. The electronhc equipment was designed

in accordance with MLIL-E-5400, but tI:' mechanical design requiremenis were

not very definitive.

Discussion

Although the C-5A mechanical signal computation elerents were not specificall>,

desigtned to the I'21L-F-9490D requirements, these new requirements were met

in some instances as discussed above.

Lockheed recognizes a need to clarify what constitutes "mechanical signal

computation." It is recommended that more definitive examples be added

to the "users guide" along with definitions to distinguish the guidelines

of the various computer technologies. These are good requirements which

can be demonstrated and should be specified for all future transport type

aircraft.

Reccr=,endation

Accept the specification "as is" and expand the "users guide" to give more

definitive examples cf ".aechonical signal computation."

/
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Requirement

*/ f 3.2.4.3 Electrical Signal Computation

3.2.4-.3.1 Analog Computation. Redundant electrical signal paths within a
computer shall be isolated as required by failure immunity and invulnerability
requirements specified herein. For failures uhich may cause a hazardous devia-
tion in the aircraft flighW path, the computer shall have provisions for rapidly
disabling its command outputs or servos unless other fail-safe provisions exist.

I Conmarison

The C-5A flight control computors which contain redundant signal paths contain

monitoring to insure proper operation. For those systems which control the
aircraft motion, automatic disengagement will occur for failures within the
computer which can cause changes in the flight path. At no time can a failure
occur that will cause a hazardous deviation of the aircraft flight path.

The C-5A flight control system meets the intent of this requirement.

Discussinn

This is a good requirement and is relevant for future aircraft. This same
type requirement should be imposed on digital computers.

Recomnendation

Retain the requirement as stated.
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Requirement

3.2.~4.3.2 Digital Computation. At the time of aircraft acceptance by the
procuring activity, the total time used in flight control computations for
worst case conditions shall not exceed 75 percent of the available computa-
tion time allocated for flight control use. Resident and bulk storage shall
be sized such that at least 25 percent of each type is available for growth
at the time of aircraft acceptance.* Computation and sample rate shall be
established at a level whlich ensures that the digital computation process
will not introduce unacceptable phase shift, round off error, nonlinear
characteristics, and frequency foldover or aliasing into the system response.

Comparison

This requirement was not applicable to the C-5A FCS design since digital
computation was not used.

Discussion

This requirement is expressed well and concisely. Qujite sensibly, it
avoids undue restrictions which might hamper innovative digitstl control
law implementation. The reserve computation time and memory, requirements
are vital for practical aysteans, not onlyv for growth, but to alleviate u'nd~ue
emphasis upon programming efficiency caused by marginal capacity. The sam-
pling rate requirement in essence states that the sampling process should
not cause unacceptable effects, and no merit is seen is trying to be more
specific.

Recommendation

Revise the requirement as follows. Add the following sentence:

"The failure ilmmunity and safety requirements of Paragraph 3.1 .3.2

shall be met."
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Requirement

3.2.4.3.2.1 Memory Protection. Memory protection features shall be provided
to avoid inadvertent alternation of memory contents. Memory protection shall
be such that neither electrical power source transients within the limits
specified nor EMI as specified in 3.2.5.4.1 shall cause loss of program
memory, memory scramble, erroneous commands, rr loss of ability for continued

• , operation. The transients shall be as speciried in bIL-STD-704 for Category
C utilization equipment. For applications where system failures could be
hazardous to safety of flight, the levels for normal, abnormal, and emergency
electric system nve:ation shall 'pply. For app.Lications which are not criti-
cal to safety of fl-'ht, the levels for normal operation shall apply. These
transient requirement. shall apply to cases when all or only one of the redun-
dant power sources are ,erating.

Comparison

Not applicable to C-5A.

Discussion

This requirement is satisfactory and requires no editing. It is specific
enough to foster good design and general enough not to restrict design options.

kec omnendation

Retain the requirement as stated.
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Requirement

3.2.4.3.2.2 Program Scaling. Parameter scaling, word size, input limiting,
and overflow protection shall ensure correct processing and continuous safe
operation for all possible combinations of maneuvering demand and gust or
other plausible disturbance within the service envelope of the system. Any
condition capable of producing an overflow in an essential or flight phase
essential function shall be precluded by hardware overflow detection and
software or firmware that provides for data recovery and continuous safe
operation following an overflow. Scaling shall provide satisfactory resolu-
tion to prevent the granularity due to digitizing processes from introducing,
into the system response, unacceptable levels of nonlinear characteristics
or instabilities.

Comparison

Lot applicable to the C-5A.

Discussion

This requirement is satisfactory and requires no editing. It is specific
enough to foster good design and general enough not to restrict design
options.

Recommendation

Retain the requirement as stated.

Requi rement

.5.2.4.3.2.5 Software Support. For programmable computers a 'software support
package shall be provided to aid in generation and validation of new programs.
This support package shall be designed to be executable, either on the air-
borne computing system for which it was designed or on a large scale digital
computer specified by the procuring agency. The support package shall include
the necessary software and appropriate peripheral devices in accordance with
the contractor data requirements list (DD 1423).

Comparison

Not applicable to the C-5A.

Discussion

The specification of a largc soale digital computer for executing the support.
software package seems to be an unwarranted restriction. It may in many
cases be more economical and feasible to use a smaller compute~r.

Reconinendatior

Delete "large scale" from the second sentence.
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Requirement

3.2.5 Control Power

3.2.5.1 Power Capacity. Sufficient elactrical, hydraulic, and pneumnatic
power capacity shall be provided in all flight phases and with all corres-
ponding engine speed settings such that the probability of losirg the
capability to maintain at least FCS Operational State III airplane per-
formance shall be not greater than extremely remote when considering the
combined probability of system and component failure and the cumulative
exceedance probability of turbulence. Hydraulic power shall be used to

actuate powered essential and flight phase essential MICS.

Comparison

The C-5A FCS was designed to have sufficient power capability to meet the
redundancy requirements of CEI CP 40002-6B and MAOOO1A air vehicle flight
controls subsystem requirements. As noted in the validation discussion
for Paragraph 3.1.3.1 "Redundancy" the FCS was designed to permit continued
operation after any single malfunction, to provide aircraft controllability
after the loss of two hydraulic systems and to provide a redundant design
wherever a failure could involve safety of flight.

The level of redundancy is indicated by the validation discussion for Para-
graph 1.2.3 FCS Criticality Classification and in Table 4 which shows the
effects of multiple hydraulic system failures on flight controls. It can
be concluded that no single failure in a subsystem providing a control func-
tion will cause degradation of the aircraft below Operational State II.
The hydraulic system distribution for the FCS is shown in Figure No. I
(3.1.8.1) and discussed in the validation for Paragraph 3.2.5.3. Similar
redundancy levels are provided so that multiple electrical power losses are
required as shown in Table 5 to cause degradation of the aircraft below
Operational State II.

Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design
and can be readily demonstrated. This requirement should be specified for
all future transport type aircraft.

Recommendation

Retain the requirement as stated,

3
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TABLE 4. HYmRAULIC SYSTEM FAILURE EFFECTS ON FCS

HYDRAULIC SYSTE4 MULTIPLE FAILURE CONDITIONS:

1. Combined Loss of Systems 1 and 2
2. Combined Loss of Systems 2 and 3
3. Combined Loss of Systems 1, 2 and 3
4. Combined Loss of Systems I, 3 and 4
5. Combined Loss of Systems 2, 3 and 4

MEETS OPERATIONAL STATE

I II III IV V

o LIFT
T.E. Flaps 1,3,4
L.E. Slats 1,3,4
Ground Spoiler 2

o PITCH
Outboard Elev.. .1,2 4 3
Inboard Elev. 1,2 4 3
Stab. AUg. 1
A.DCS 1,2
Trim 1,2,4 3

"o ROLL
Ailerons 2 1 3,4
Spoilers/Roll 2 1 3,4
Stab. Aug. 1,2
ALDCS 1,2
Trim

" YAW
Upper Rudder 1,2 4,3
Lower Rudder 1,2 4,3
Stab. Aug. 1,2 3
Trim
LimTter
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TABLE 5. ELECTRICAL SYSTEM FAILURE EFFECTS ON FCS

ELECTRICAL FAILURE CONDITIONS

1. One System Failure/loss

2. Two System FailureA/oss
3. Three System Failure/loss

M=ETS OPERATIONAL STATE

I II III IV V

"o LIFT
T.E. Flaps 1 2
L.E. Slats 1 2
Ground Spoiler 1 2,3

"o PITCH
Outboard Elev. I ,2 3
Inboard Elev. 1 2
Stab. Aug. 1,2
ALDCS 1,2 1 2

"o ROLL
Ailerons 1,2 3
SpoilersaAoll 1,2 3
Stab. Aug. 1,2 3
ALDCS I ,2
Trim 1,2

"o YAW
Upper Rudder 1 2
Lower Rudder 1 2
Stab. Aug. 1,2
Trim 1,2
Limiter 1,2

"o AUTO THROTTLE I
"o GO-AROUND I
"o FL'GHT D~iECTOR I
"o STALLD4ITER 2
"o AUTOPILOT 1
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Requirement

3.2.5.2 Priority. Essential and flight phase essential flight controls
shall be given priority over noncritical controls and other actuated func-
tions during simultaneous demand operation. However, no specific priority
provisions, such as hydraulic priority valves, are required unless there
is a likelihood of simultaneous demands which could prevent one or -- re
essential or flight phase essential actuation systems from meeting their
performance requirements. Where provided, priority controls shall be highly
rsistant to deterioration, binding, or failure while dormant under normal
aircraft operations so that they will function as required when conditions
dictate. If flight safety can be endangered by failure of such controls,
ground checkout means for ready determination of their operability shall
be provided and procedures specified.

Comparison

The primarn actuation power for the C-5A FCS is hydraulic. Hydraulic power
distribution to the FCS is shown in Figure No. 11-2. The KS is provided
with enough hydraulic flow capability to supply any probable simultaneous
hydraulic flow demand with enough margin to maintain control of the air-
craft. Figure No. 1 (3.2.5.2) shows the maximum hydraulic flow demands and
capability for the F'CS and all utility operations for the aircraft opera-
tion. I+ is highly improbable that all the flight control functions will be
operated simultaneously at maximum rate. Normally the flaps, pitch trim
and landing gear are sequenced and any other functions using maximum rate
would at the worst be exposed to small and brief transient pressure drops.
In the event of loss of normal hydraulic power supplies to a critical F`S
function, emergency hydraulic power is supplied by the hydraulic power trans-
fer units. These provide power for one hydraulic system from another without
interchange of hydraulic fluid. Hydrcilic shut-off and power transfer pro-
visions are subjected to periodic inspections and functional testing on the
aircraft to assure their availability when needed.

Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design
and can be demonstrated. This reqairement should be specified for all future
transport type aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.2.5.3 Hydraulic Power Subsystems. All hydraulic power generated and
distribution systems normally used for flight control shall be designed in
accordance with MnIL-H-544O and MIL-H-8891 as applicable. The FCS shall
operate in accordance with this specification when supplied with such hydrau-
lic power. Applicable requirements in AFSC Design Handbook 1E 1-6, Systems
Safety, Section 3F, Hydraulic Systems, shall also be met.

Comparison

The C-5A, hydraulic power subsystems used to supply the flight control system
components were designed in accordance with the requirements of Contract
End Item (CEI) specification CP 40002-5B and conform to the requiroments of
MIL-H-5440 to the extent specified in the CEI document.

Pour independent, engine-driven, 3000 psi, closed center hydraulitc systems
distribute power to the flight control components as shown in Pigura I
(3 1.8.1) and Figure 11-2. Two independently powered systems are used
exclusively for the pitch, roll, and yaw flight control systems. The other
two systems are used for those same controls; for flaps, slats and ground
spoiler controls; and other hydraulic power functions. Each flight control
surface is powered by two hydraulic systems which are each capable of supplying
full system rate and one-half hinge moment, except for the outboard elevator
which is powered by three systems providing one-third hinge moment each. The
hydraulic power transfer units use power from one system to provide power in
another system in the event of power loss. The redumdancy requirements for
all the FCS systems have been satisfied as noted in Paragraph 3.1.3.1 by
virtue of the number and distribution of the hydraulic systems and their
power supplies.

In the event of loss of hydraulic power on all engines, a ram air turbine
supplies enough hydraulic power to the critical FCS for Operational State
IV. Recoimended requirements for tubing, mounting, seals, components, fil-
tering, pressure and operational tests, etc., have been met. Hydraulic sys-
tem temperature and pressure controls have been provided as required. Failure
isolation was provided by devices such as shut-off valves, check valves,
reservoir level sensing.

Discussion

This Is a good requirement Adich has been satisfied by the C-5A, can be
readily demonstrated and should be specified for all future transport type
aircraft.

Recommend ation

Retain the requirement as stated.
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Requirement

3.2.5.4 Electrical power subsystems. All electrical power generation and

distribution subsystems used for flight control shall provide electrical
power in accordance with MIL-STD-704. The FCS shall operate in accordance
with this specification when supplied with power in accordance with MIL-STD-704.
Applicable requirements in the following AFSC design handboeks .-hall be met:

a. DH 1-4: Electromagnetic Compatibility.

b. OH 1-6: System Safety.

c. DH 2-1: Airframe

d. DH 2-2: Crew Stations and Passenger Accommodations.

Electrical systems which provide power to essential or flight phase essential
controls, shall insure uninterruptible, isolated redundant power of adequate
quality to meet FCS requirements after any malfunction not considered extremely
remote. Such electrical systems shall, except for basic power source, be
independent of failure modes associated with any other electrical system.
Essential and flight phase essential FCS shall be automatically provided
alternate sources of power where interruption could result in operation below
FCS Operational State ITI. A protected alternate source of power shall be
provided for all essential or flight phaqe essential control signal trans-
mission paths sufficient to continuously maintain at least FCS Operational
State III performance in the event of loss of all electrical power supplied
from engine-driven generators. Control systems employing both ac and dc
power inputs shall normally have interlocks incorporated to disconnect both

power inputs should either type of power be lost. However, if the loss of
either power source can be shown to be equivalent to loss of both or FCS
Operational State III or better is maintained with either power source,
interlocks are not required.

Comparison

The electrical power generation and distribution subsystems unqd to supply

the C-5A FCS were designed to the requirements of CEI specifications Ck

40002-1A, -5B, -6B, and MIL-E-25499, to the extent specified therein. Elec-

trical power for the FCS includes 115/200 VAC, 400 cycle (EZ) , 3-phase and

28 VDC in accordance with the limits of MIL-MTD-704. Electrical power is

used in the FCS for functions such as:

o Operation of hydraulic servo shut-off valves

o Operation of electro-mechanical actuators used for autopilot, auto-
throttle, trim, feel, and FCS limiting

o Operation of dedicated displays
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The primary electrical power source is provided by engine-driven, constant-
speed drive, brushless generatcrs operating in parallel. A.C. power is
individUally regulated to the required voltages. Generator and bus tie con.-
tactors were in accordance with IL-R-6106. A.C. power distribution is pro-
vided by an individual load bus from each generator contactor. D.C. power
is derived from A.C. powered transformer-rectifier units supplied thru two
main D.C. load buses.

In-flight emergency power is supplied thru electrically and physically
independent emergency A.C. and D.C. load buses.

A gas turbine powered auxiliary power unit (APU) supplied auxiliary power.
The APL is normally used on the ground prior to engine start up; however, it
has in-flight start and operation capability.

In the event of a four-engine-out incident, limited in-flight' electrical
power for emergency control is provided by deployment of a Ram Air Turbine
(HAT) generating unit.

Electromagnetic compatibility limits were in accordance with MIL-E-6051
and MIL-Std-826 as noted in the validation discussion for Paragraph 3.2.5.4.1.

The electrical distribution system insures uninterrupted redundant power to
meet the FCS operational requirements commensurate with the required failure
criteria. The power distribution system has A.C. and D.C. interlocks and
emergency power buses incorporated which assure proper emergency power distri-
bution to the critical control functions in the event of power loss on the
primary distribution system. in any event the loss of electrical power will
not degrade the aircraft controllability below operational State III.

Discussion

This is a valid requirement which has essentially been met by the C-5A design.
The requirement can be demonstrated and should be specified for all future
transport type aircraft.

Re commendation
I/

Retain the requirement as stated.
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Requ.i~rement.

3.2.5.4.1 Electromagnetic Interference Limits. The KVS shall operate within
the limits of MIL-E-6051 and MIaL-STD-461 environment. Electromagnetic inter-
ference created by the systems and components during normal operation shall

7 be within the limits of MJL-E-6051 and MIL-STD-461, respectively. Failure
modes of all onboard systems and equipment, including flight controls, where-
in these limits nay be exceeded shall be identified in addition to sources
of conducted EFv that may be detrimental to FCS operation. Additionally,
the estimated magnitude of ED generated by these failure modes shall be
provided for the assessment of the safety of the EFCS.

Comparison

The C-5A FCS was designed to meet MIL-E-6051 and MIL-STD-826 requirements.
MIL-STD-461 supersedes Mfl,-TD-826. During development and testing of the
APOS changes were required in meeting MIL-STD-826. Some of the areas were
redesigned, but where it was impractical to redesign and where flight safety
or normal operation was not affected, deviations were obtained from the
customer. MIL-SrD-461 does impose different requirements than NIL-STD-826.
It is felt that any problems with meeting this new specification would have
to be broached with each particular design. The last two sentences were not
required for the C-5A design and therefore are not met.

Discussion

The first two sentences of this requirement where M1D-E-6051 and MIL-STD-461
are imposed are considered reasonable, but the last two sentences create a
very impracticable requirement. It would be almost impossible to failure
analyze every component on the aircraft to determine if its failure would
create a detrimental condition to the FUS in the area of EMI or by the FCS
to other systems. In addition, to estimate the magnitude of the EMI generated
by these failures, if they could be identified, would be a difficult and
costly task.

Normally the equipment is designed to the best ability of the designer to

meet the requirements. After the design is completed and the unit built,
then the equipment is tested to determine its capability of meeting the
requirements. Changes are made to the system to correct any major problems
which affect aircraft safety, operation or mission accomplishment. This
proceduie should be adequate for all designs and to impose the additional
requt rements of failure analysis of all equipment to determine their EI
effect would impart an unnecessary hardship and increase the cost ot any
new program. The requirement is valid, has been satisfied and can be
demonstrated to the extent noted and should be specified for all future
transport type aircraft with the recommended change.

Recoamendation

Revise the requirement as follows: Delete the last two (2) sentences.
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Requirement

,5.2.5.4.2 Overload Protection. Overload protection of the prinmary power
wiring to the system or component shall be provided by the airplane contrac-
tor. Installation requiremento of the system or componert specification
shall specify the values of starting current versus tine, surge currents
if applicable, normal operating current, and recomended pretective pro-
visions. Additional protection as necessary shall be provided within the
system or component. Such circuit protection shall not be provided in
signal circuits or other circuits where opening of the protective devices
will result in unsafe motion of the aircraft.

Comparison

This requirement is the same as the requirement that the C-5A was designed
to meet. Circuit breakers are installed on all power lines going to the
k\•. The C-5A meets this requirement.

Discussion

This is a valid requirement which has been satisfied by the C-5A design.
It can be demonstrated and should be specified for all future transport
type aircraft.

Recoernendation

Retain the requirement as stated.

I
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Requirement

3.2. 5 .4.3 Phase Separation and Polarity Reversal Protection. In systems
affecting flight safety, phase reversal and polarity reversal shall be
prevented as far as practical by keying, physical restraints or other
positive means.

Comparison

The C-5A has been designed to meet this requirement. All connectors are
either keyed differently or by use of wire routing and harness ties car-not
te normally connected incorrectly.

Discussion

This is a good requirement, but it does not cover the case where phase
separation and polarity reversal cannot be protected against the human
element. When designing systems that affect flight safety, all elements
must be considered, even human errors. An example is the C-5A Horizo•tal
Situation Indicator (HSI) and the Airspeed Vertical Scale Flight Instru-
ment (17SFI). The C-5A VSFI's are basically the units used on the C-141
aircraft but the face was modified for the C-5A missions. Keying and
connector size on these unite were correlated with all other equipment that
were available. When the HSI, which is GFE, was defined it was found that
it had the same connector and keying as the airspeed VSFI. By using dif-
ferent routing and length of cable (physical restraint), it made the correct
connector only accessible to its instrument.

Even with all these precautions and personnel training an instance of cross
connecting the HSI and VSFI connectors occurred during C-5A production. Ties,
which were designed to prevent cross connection, were cut to accomplish this
cross connection. This condition was discovered during ground checkout. This
example indicates the importance of considering the human element in the
design of systems especially those that may affect flight safety. It is
recommended that a sentence be added to the requirement to insure that any
error in connecting must be detectable prior to flight.

Recommendation

Revise the requirement as follows:
*1

Add the following sentence: "Where it is impossible to assure pre-
vention of incorrect electrical connections, they shall be readily
apparent through normal maintenance and inspection procedures, ground
checkout procedures (including preflight) or indications in the
flight station."
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Requirement

3.2.5.5 Pneumatic Power Subsystems. Pneumatic power using ram-air, engine
bleed air, stored gas, mechanically compressed air, or generated gas may be
used for noncritical flight control functions and for driving hydraulic pmps
and electric generators. High pressure pneumatic systems used for FCS func-
tions shall conform to NIL-P-5518, the applicable requirements in AFSC Design
Handbook DF 1-6; System Safety, Section 3G; Pressurization and Pneumatic
Systems, and the applicable requirements under 3.2.5.1, herein. Engine bleed
air systems used for FCS functions shall conform to MIL-E-38453.

Comparison

The C-5A FCS does not use pneumatic pcwer for any of its control actuation
functions. The C-5A has a pneumatic system which conforms to MIL-P-5518
that is used as an i-borne compressor to accomplish servicing functions
such as landing gear struts and hydraulic accumulators. Another pneumatic
system is a turbo compressor for inflating landing gear tires.

Discussion

This is a valid requirement which is not applicable to the C-5A FCS; however,
it could be demonstrated and should be specified for all future transport
type aircraft.

Recommeniation

Accept th3 specification "as is."
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Requirement

3.d.6 Actuation

3.2.6.1 Load Capability

3.2.6.1.1 Load Capability of Elements Subjected to Pilot Loads. Elements
of actuation systems subjected to loads generated by the pilot(s) shall be
capable of withstanding the loads due to the pilot's input limits specified
in MIL-A-885, Section 3.7, Flight Control System Loads, taken as limit
loads unless higher loads can be imposed such as by a powered actuation sys-
tem or loads resulting from aerodynamic forces. Control signal boost actuator
outputs may be load limited by spring cartridges.

Comparison

The C-5A flight control systems (FCS) and components were designed to meet
the strength requirements of Contract End Item (CEI) specification CP 40OJ2-2,
Paragraph 3.4.10.5. The CEI design criteria is essentially the same as the
requirements speeified in MIL-A-8865, Section 3.7. The dual C-5A FCS com-
ponents and mechanical system transmitting elements were designed to withstand
the mim limit load resulting from a pilot input load equivalent to 75
percent of the dual pilot effort specified in MIL-A-8865, Section 3.7 when
applied at the pilots controller and reacted throughout the control system.
This design load requirement was reacted via the mechanical signal trans-
mission system as required by 3.2.3.2.1 thru the servo actuator input valve
arm into the mechanical stops for the valve arm. All the primary hydraulic
servo actuators except the outboard elevator servo have the feedback crank
and feedback rod designed to the effects of this pilot limit load. In the
outboard elevator servo enough valve overt.'avel was provided to prevent the
feedback summing crank from bottoming out during the extremes of pilot input
to the valve in one direction and actuator/surface movement in the opposite
direction. Figure 1 (3.2.6.1 .1 ) illustrates a typical primary (aileron) servo
actuator input and feedback crank arrangement. Figure 1 (3.1.4) illustrates
the typical primary servo input and feedbac. suating crank within the servo
manifold. The input bungees shown in Figures No. 1 (3.2.6.1.1), No. 11-4,
11-5 and 11-7 are there primarily to prevent reszricticn of the pilot inputs
to the other servos when that servo has been deenergized and does not move;
however, this was conbidered to be solid link for the structural design load
limits that can be imposed on the servo input/feedback system.

Discussion

The concern with this requirement is the question of what constitutes an
"element of the actuation system" as opposed to what the limit is for a
"mechanical signal transmission system" as required by 3.2.3.2.1. In the
case of the C-5A full power primary servo actuators, the input/feedback
servo linkage discussed above is primarily a "valve sumaing" function for
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the actuation system, but it does not contribute to the actual output hinge
moment as part of its normal function. On the other hand, a power boost or
mechanical reversion system would have pilot loads reacted to the surface
actuation system and it is obvious that the mechanism would have to be
designed to the maximum input limit load from either the powered actuation
system or from the aerodynamic loads. However, it should be noted that
even in the fully powered servo actuation systems the input/feedback mecha-
nisms may be subjected to limit load conditions from pilot input such as when
the servo actuator has been de-energized, is net moving, and the linkage
bottoms out. It would be beneficial to add more definitive examples of
full power servo actuation systems, booster systems, manual reversion sys-
tems, etc., in the "Users' Guide' in order to clarify the design guidelines
for Aie use of the word "elements- as it presently is used in 3.2.3.2.1 and
3.2.6#1.1. The last sentence of the requirement is not clear.
This is an otherwise good requirement, which can be helped by clarification,
and which has been satisfied by the C-5A control system design. It can be
readily demonstrated. This requirement should be specified for all future
transport type aircraft.

Recocnendation

Rerise the last sentence of the requirement to read as follows:

"Control signals to servo actuators may be load limited.,'

Additional Data

Pilot induced loads actually encountered by FCS elements may vary greatly
depending upon the kinematics of the system, the operating condition (normal/
abnormal) of the system, the general type of system, ground gust provisions
and airplane maneuvering levels. Static design load r'mquirements for the
total input system are, however, essentially the same for all systems,
regardless of type when the requireme:Ato to relieve a jam are applied.
The power boosted and fully powered FCS usually incorporate either surface
damping or gust locks into the FCS servoactuators for protection of the
airplane structure and PCS against the effects of ground gusts. Mechanical
elements of those input systems are therefore not subjected to loading from
ground gusts. In pure mechanical or aerodynamically boosted systems either
surface dampers or mechanical gust looks may be used. When the ground gust
protection is incco pLoated into the mechanical input system, the elements
of that system which are between the piotecting device (gust lock or other)
and the surface are subject to loading from ground gusts.

In the fully powered FCs using mechanical input provisions for the pilot
the C-5A uscs override bungees in the input linkage to the servo Letuators.

These bungees and servo valve overtravel permit operation of normal servoactuai or.
after malfunctioning servoactuators have been shut down. Figures 11-4] and
[1(3.2.6.1 .)] for thA C-5A roll control systom depict appropriate uses for
override bungees.

Note: For Figure [No. J use the next available "Users' Guide" number.
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Requirement

3.2.6.1.2 Load Capability of Elements Driven by Power Actuators. Elements
subjected to loads generated by a powered actuation system, including all
parts of the actuator shall be capable of withstanding the maximum output
of the actuation system, including loads due to bottoming, or the maximum
blowback load, as controlled by pressure relief valves or other load limit-
ing provisions, whichever is greater, as the limit load. Ulcimate load
capability shall be 1.5 times limit load. In dual load path design, each
path shall be capable of sustaining load as specified in 3.1.11.1.2 with-
out failure.

Comparison

The C-5A rudder, roll control, elevator control and ground spoiler systems
utilize fully powered hyiraulic servos t, drive the control surfaces. As
shown in Figure 11-7, each of the two rudders (upper and lower) is controlled
by a servo having two hydraulic actuators operating in parallel and in a
force sharing manner. -s shown in Figure II-4, the left and right wing
ailerons are nontrolled by a servo having two (2) hydraulic power actuators
operating in parallel and in a force sharing manner. Each of the five flight
spoilers on each wing is controlled by a tandem servo actuator. The ground
spoiler system consists of four ground spoilers and five combination ground
and flight spoilers. Extension and retr iction of each panel, one (1) through
four (4), is accomplished by means of a single tandem actuator that operates
open loop (uses no feedback). As shown in Figure 11-5, each of the inboard
elevator surfaces are controlled by a single power servo having two power
actuators operating in parallel and in a force sharin manner. Each of the
two outboard elevator surfaces are controlled by two separate servos that
receive a common input. 0.e servo has two power actuators and the other servo
has a single power actuators and the other servo has a single power actuator,
all of which operate in parallel and in a force sharing manner.

Most actuators in these systems contain snubbers at each end of their stroke.
Consequently, bottoming loads are nominal and are not critical design factors.
The maxinis output of each actuator is limited by relief valves. The actua-
tors are designed for limit loads based on a maximum system pressure of 3390
psig and a system return pressure of 175 psig. The structure is designel to
withstand ultimate loads of 1.5 times the limit load. In case of failure of
one of the dual load paths of the aileron, elevator or rudder servos, the
repna.adng load path can asustain the loads defined in paragraph 3.1.11.1,2,

The C-5A complies with this requirement.

Discussion

The requirement covers the subject well and is applicable to future t.mns-
PO aircraft.

Recommendation

Retain the requirement as stated.
320
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Reuire~ment

_5.2.6.2 ficeh,!ieal Force Trz,-m- ttirT Act'-ticn. For control cable actua-
tion, the requircm-3nts spcified in 3.2.3.2.4 and subparagraphs apply. For
puoh-p•ull rod actuation, the rcquircmmntq specified in 3.2.3.2.5 and subpara-
graphs apply.

Cc -? -ri non

This paragraph addresscs requirements already well defined and does not
address its subparagraphs. The referenced paraZraphs, 3.2.3.2.4 and 3.2.3.2.5
are validated separately.

Dirncin~i on

This para.raph, as a lead in to its subparagraphs, should address the require-
meý,nts included in the subparacraphs.

R: •CC-7-=erdi ti on

Cczpletely ret*ord the paragraph as given below:

3.2.6.2 :c'- "ical 7oree Tr-~n-zitttr•, _ct,'•ticn. In addition to the
requirec'nts specificd in parazraphs .33.2.3.2.4 and 3.2.3.2.5 and their
subpir:grarhs, the follorinr, additional requirements apply to mechanical
force trancmittin3 actuation syatcems.
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Requirement

3.2.6.2.1 Force Transmitting Powerscrews. Powerscrews with rotary input and
linear output motion may be used to actuate relatirely low-duty-eycle flight
control surfaces, such as wing flaps and trimmable stabilizers, but specific
approval from the procuring activity shall be obtained before use in high-duty-
cycle applications. NonJacming mechanical stops shall be provided at both
ends of the screw to limit travel of the nut; and, they shall be designed to
withstand all possible loads, including possible impact loading, without failure.
Provisions shall be incorporated into the nut to minimize entry of sand, dust
and other contaminants; to retain its lubricant; and to preclude the entry
or retention of water. However, positive sealing is not required if the
screw is installed such that it is protected from such contamination or is
inherently resistant to wear and Jamming by contamination.

Powerscrews with rotary input and linear output motion are utilized in the
C-!A secondary flight control systems only. IAhnese systems &re the leading
edge slat drive sys-.em, trailing edge flap drive system and horizcntal stabi-
lizer trim control system.

The leading edge slat aystem utilizes turnbuckle type ballscrew actuators to
extend and retract the slate. The trailing edge flap system utilizes simple
fixed lengtt ballacrew actuators to extend and retract the flaps. Each slat
actuator utilizes two recirculating oall nuts wereas each flap actuator uti-
lizes a single traversing recirculating ball nut. The normal oper,'ting stroke
of the actuators in both the slat and flap systems is less than the stop-to-
stop stroke capability. Consequently, the mechanical stops, which are the
non-Jamming type, are not contacted unless a failure has occurred in the
position control system. The stops were designed to withstand all system
Impact loads for a minimum of 48 times at half speed and 2 times at full actua-
tion speed. The at'pa were tested for compliance to this requirement during
the qualification test program. The ball nuts utilize seals and wipers to
minimize entry of sand, dust and other contaminants; to retain its lubricant;
and preclude the entry or retention of water. Grease fittings are used to
lubricate the ball nuts.

The horizontal stabilizer trim control s ÷-em utilizes a pitch trim actuator
whiich provides a dual structural load path oetween the horizontal stabilizer
and the vwrtical stabilizer. The mounting i'or the upper end of the actuator
is supported on the front spar of thm horizontal stabilizer. The mounting
for the lower end of the actuator is supported on the front spar of the
vertical stabilizer. The pitch trim actuator utilizes an irreversible acme
screw and nut designed on a dual load path basis. A non-jamming mechanical
stop is provided at the top and the bottom of the screw to eliminate over-
travel of the screw in either direction in the event a failure occurs that
would permit actuator travel in excess of the normal stroke. The screw is
completely covered with a. bellows type boot to prevent the entrance of dust
and other contamiuants.
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An automatic greaser is utilized to periodically pump a small amount of
grease into the nut. Due 4,o the use ef the boot to protect the screw and
the particular nut design, positive sealing is not utilized.

In summary, the force transmitting powerscrew9 used on the C-5A are in com-
pliance with this requirement.

Discussion

The requirement covera the Pubject quite well except that it does not include
a requirement for the number of impacts the non-jamming stops must be designed
for. The requirement would vary with the system design and whether or rot
the stops would be contacted during normal operation.

Recommendation

Delete the second sentence and replace with the following sentence:

"Non-jamminng mechanical stops shall be provided at both ends of the
screw to limit travel of Uhe nut; and, they shall be designed to with-
stand all possible loads, in-luding those produced by impacting the
stops at maximu operational rate, without deformation or failure."

Insert the following sentence between the second and third sentences:

"Systems incorporating non-jaming stops in actuation components or
assemblies shall be designed to preclude their contact during normal
operation."

3
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Requirement

3.2.6.2.1.1 Threaded Powerscrews. Standard thread forms only shall be used,
and the thread roots shall be rounded as necessary to preclude stress cracking.
Lubrication provisions shall be adequate for controlling efficiency, wear,
and heating to acceptable values. Where in service lubrication is necessary,
lube fittings in accordance with 3.2.7.2.5 shall be provided. If the design
is dependent on inherent friction to maintain irreversibility, this charac-
teristic must be adequate under all expected operating conditions, including
the full range of loads, both steady loads and reversing or variable-magnitude
loads which may be encountered due to control surface buffeting or buzz,
temperatures, and environmental vibration over the full service life of the
unit.

Comparison

There is only one threaded powerscrew used in the C-5A flight control systems.
It is the screw used in the pitch trim actuator assembly shown in Figure
1 (3.2.6.2.1.1). A standard acme thread form is used because of its inhe-
rent irreversibility characteristic. The thread roots are sufficiently .
rounded to preclude stress crac ing. As a means of controlling efficiency,
wear and heating to acceptable values, an automatic lubrication system is
utilized. In-service lubrication of the screw and nut involves only the
periodic replacement of the canmister containing the lubricant. Irreversi-
bility of the screw and nut interface was demonstrated under simulated
loaded and unloaded operating conditions during the qualification test pro-
gram. However, as a backup to the inherent irreversibility, the screw and
nut drive mechanisms incorporate no-backs that prevent screw or nut rotation
during the absence of an operational signal.

In summary, the pitch trim actuator meets the intent of this requirement.

Discussion,

This requirement adequately covers the design points that must be addressed
relative to the use of power screws in an aircraft flight control system.
It is a reasonable requirement which can be demonstrated practically.

Recommendation

It is recommended that this requirement be accepted "as is."
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I. Fitch Trim Actuator Assembly
2. Manual TorQue Drive
3. Hoisting Eye
4. Bolt Assemblies

5. Hydraulic Connection
6. Input Bellcrank
7. Bellcr-nk Support

8.Nut Drive Input Rod
9. Flectrical Connector 3

10. Grease Tube
11. Coupling Nut

12. Automatic Greaser

13. Nut Drive Motor
014. Nut Drive Manifold

15. Screw Drive Motor
16. Screw Drive Manifold
17. Control Cables

212

16

7 8

FIGURE NO. 1(3.2.6.2.1.1) C-5A PITCH TRIM ACTUATOR

//
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Recauir2'r ent

5.2.6.2.1.2 Ballccroa73. An adequate number of balls and ball circuits shall
be provided to keep individual ball loading within allowable nonbrinelling
limits. On units used in essential and flight phase essential applications,
at least two separate independent ball circuits and a secondary load path with
load capability in accordance with 3.1.11.1.2 shall be incorporated.

Ccmnirison

Ballscrews zire utilized only in the C-5A leading edge slat system and the
trailing edge flap system. Two sepa-,ate and independent ball circuits are
utilized in each ballscraw nut. The number of balls used in each circuit
exceeds the minimum nu'mbar required to prevent brinelling. Each ballscrew
nut also includes a redundant load path in addition to the ball circuits,
both of v;hich meet the requirements of paragraph 3.1.11.1.2. With the loss
of all the balls, the low efficiency of the redundant load path causes torque
limiters in the affected system to trip and stop system operation. Because
the system will not operate, the redundant load path is not exposed to opera-
tional fatigue loads.

In suiary, the ballscrews used in C-5A secondary control systems are in

compliance with this requirement.

Discussaion

The requirement covers the subject addressed except for one aspect. There
have been ballscrews used on aircraft that utilize two separate independent
ball circuits, but v.,hich had a common retention device for holding the ball
return tubes in place. Even though two separate ball circuits were used,
this redundancy was nullified by the use of a common single retention device
for the ball return tubes- The loss of one fastener or fracture of the
retainer would result in the loss of all the balls. Obviously then, two
separate retention devices or a single fail safe retainer with dual attach-
ments must be used to maintain the integrity of the tio separate ball cir-
cuits.

Recc-.e2ndnation

Add the following sentence to the end of the existing requirement of para-
graph 3.2.6.2.1.2:

"Ccmpletely separate and independent retainer8 or a single fail safe
retainer with dual attachments shall be used for the ball return tubes
or conduits."
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Reguirement

_.2.6.3 Mechanical Torque Transmitting Actuation. Specific approval from
the procuring activity must be obtained before use of such provisions in
essential and flight phase essential applications. Backlash accumulation
shall not prevent the system from performing its required function through-
out the service life of the airplane.

3.2.6.3.1 Torque Tube Systems. Torque tubes which are exposed to possible
misuse, such as support for maintenance personnel, shall be shielded f-om
such misuse or shall be of adequate stiffness to prevent damage to the instal-
lation. Each torque tube, in a linked run of tubes shall be removable and
reinstallable in the aircraft without disturbing the support, component, or
other interfacing system element at either end of the torque tube. Guards
which are capable of containing a broken torque tube against thrashing shall
be installed in appropriate locations to prevent damage to wiring, tubing,
and other equipment. The rated operating speed of a torque tube system shall
be no greater than 75 percent of the critical speed.

3.2.6.3.1.1 Torque Tubes. Torque tubes shall have a minimum wall thickness
of 0.055.inch and shall be seamless, except that steel tubes, seam welded
by the electrical resistance method, may be used.

3.2.6.3.1.2 Universal Joints. Univeral Joints shall be in accordance with
miL-J-6193 or mIL-U-596), as specified in AFSC Design Handbook DH 1-2, General
Design Factors, Section 4C, Universal Joints, and shall not be used for angu-
larities greater than specified therein or recommended for the specific com-
ponent by the manufacturer.

5.2.6.3.1.3 Slip Joints. Adequate engagement shall be provided to insure
that disengagement will not occur under all expected operating conditions,
or due to buildup of adverse manufacturing and installation tolerances.

Comparison

Torque tube systems are used in the C-5A leading edge slat drive system and
trailing edge flap drive system as shown in Figure No, 3 (3.2.3.1.1). TheU torque tubes vary in length, overall diameter and wall thickness; but in
no case is a tube wall thickness less than 0.065 inch. Where torque tubes
are exposed to po.sible misuse, they are protected by their inherent stiff-
ness or by shielding. Each of the tube assemblies can be removed and installed
without disturbing the supports or other interfacing system elements at either
end of the torque tube. Guards which are capable of containing a broken tor-
que tube against thrashing are used to prevent damage to wiring, tubing, and
other equipment. The rated operating speed of the torque tube systems is
less than 75 percent of the lowest critical toroue tube speed.

The torque tubes are seamless aluminum and have a slip joint at one end of
each tube. The slip joints are designed such that, under the most adverse
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wing bending condition combined with the most adverse buildup of manufacturing
and installation tolerances, the minizaim engagement of the slip joints is
one diameter. Finally, the hooks type universal joints used in the torque
tube systems are in accordance with MIL-J-61 93.

Discussion

There are two aspects of the requirement that need revising. One concerns
the wording used in the second sentence of Paragraph 3.2.6.3.1. it is
unclear wihether the word "component" refers to another component of the
torque tube system or to a component of another system. Assuming the former,
the word "component" is redundant since the phrase "or other interfacing
system element" means the same thing. However, there are occasions 4hen
it is necessary to include a torque tube as par" of a aubassembly that must
be removed or installed as a unit because of configuration and/or installation
constraints. The use of constant velocity joints instead of angle gearboxes
in a torque tube system, for example, will sometimes cause this kind of
situation.

The other cozmment concerns Paragraph 3.2.6.3.1.3. "Adequate engagement"
does not provide sufficient direction to the inexperienced design engineer.
Our experience at Lockheed indicates that an engagement of one diameter should
be the minimum.

Except for the two commnents stated above, the requirements are well stated.
These requirements are definitely needed to provide the design engineer with
the proper guidance in designing a torque tube system.

Recommendation

Revise the second sentence of Paragraph 3.2.6.3.1 as follows:

"Unless otherwise approved by the procuring activity, each torque
tube in a linked run of tubes shall be removable and reinstallable
in the aircraft without disturbing the support or other interfacing
system or element at either end of the torque tubes."

Revise Paragraph 3.2.6.3.1.3 as follows:

"Slip Joint engagement shall be sufficient to permit an engagement
of one diameter as a minimum under maximum structural deflection in
combination with the most adverse buildup of manufacturing and instal-
lation tolerances."
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k(equirement

3.2.6.3.2 Gearing. All dear boxes used in actuating systems shall meet
the requirements specified in MIL-G-6641.

Comparison

The C-5A leading edge slat and trailing edge flap drive systems as well as
the horizontal stabilizer pitch trim actuator assembly utilize angle, tee
and hydraulic motor driven gearboxes. Although these gearboxes are in
compliance with a few of the requirements of MIL,-G-6641, this specification
relates primarily to accessory drive gearboxes, as its title indicates.

In summary. the C-5A flight control systems are not in complete compliance
with this requirement.

Discussion

MIL-G-6641 is a specialized document that has little applicability to the
kind of gearboxe:j used in secondary flight control systems. The very few
requirements, such as Paragraphs 3.1 through 3.6, of this vpecification
that are valid for flight control gearboxes are covered by other specifica-
tions and are included in the CEI specification document.

Recommendation

It is recommended that this requirement be deleted.

Requirement

3.2.6.3.3 Flexible Shafting. Not applicable.
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Requirement

3.2.6.3.4 Helical Splines. Involute helical splines shall use only the
ASA standard tooth forms Numbers I through 5. Ballsplines shall meet the
requirements specified in 3.2.6.2.1.2 for ballscrews.

Comparison

This requirement does not apply since no helical splines (Yankee screw-
drivers) were used on the C-5A FCS.

Discussion

This is a vaLid requirement which does not apply to the C-5A FCS; it can
be demonstrated; and it should be specified for all future transport type
aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.2.6.3.5 Rotary Mechanical Actuators. Rotary mechanical actuators used
with a through shaft which attaches to torque tubes at both ends, thus
serving as a portion of the torque distribution system, shall be capable
of reacting full system torque in both the forward direction (due to a Jam
anywhere in the system) or in the backdriving direction (due to overrunning
load), unless provided with a torque limiter and no-back brake or other
devices which would preclude such loading.

Comparison

The C-5A trailing edge flap and leading edge slat systems shown :'n Figure
11-8 are driven by a common flap power package (FPP). The flap
power package shown in Figure 1 (3.2.6.3.5) utilizes a thru shaft attaching
to torque tubes at both sides thus supplying power to the torque distri-
bution system which drives the panel actuators.

The output at the FPP is capable of devcloping the maximum output torque
capability. To protect the sysuem from a jam in the leading edge slat
system or an excessive backdriving load, a decoupler is provided in the
FPP torque tube system. This is supported by torque limiters and a leading
edge slat brake assembly. Each ball screw actuator has an integral torque
tube i.miter to protect against an overload condition.

Discussion

The C-5A flap actuation system design meets the load protection requirements
of this specification and can be readily demonstrated.

The requirement should be reviewed for clarification before being specified
for future transport type aircraft.

There is some concern whether it was the intent of this specification to
apply specifically to a "power hinge" application whereby the torque output
of the actuator was to apply directly to the torque distribution either
"ganged," "parallel," or a single unit and applied at the hinge line of the
surface or component boing actuated, or whether the intent was to be broad
enough to cover any torque producing output system to supply power to a
torque tube system regardless of the output force mode at the surface or
component being actuated. The latter, broader interpretation was used to
apply to the C-5A flap system design.

Even if one interprets this specification to apply to "power hinges" the
reference to the use of torque tubes may preclude applicability to some
types of power hinges which do not employ a torque tube system. For example.
there have been proposals to use hydraulic rotary actuators either "ganged"
or as single units which may be mounted to have their output torque coinci-
dent with the surface or component certerline of action.
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it is recommended that the intent of this requirement be reviewed for a more
general applicability for all rotary actuation systems such that advancements
in the state-of-the-art may be fully utilized for future applications.

Reco~nend tion

It is recommended that a more general specification wording be employed.
Change the title and wording as follows:

"3.2.6.3.5 Rotary Actuators. Rotary actuators which provide a
rotary output torque and which either form a portion of the torque
distribution system or provide the total output torque as a single.
unit, shall be capable of reacting full system torque in both the
forward direction (due to a jam anywhere in the system) or in the
'jackdriving direction (due to an overrunning load or jam), unless
provided with a torque limiter and roo-back brake or other devices

which would preclude such loading,"
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Requirement

'.2.6.3.6 Torque Limiters. Where used, torque limiters designed to slip
or lock to adjacent structure shall be properly located in the transmission
system to prevent drive loads in excess of control surface limit load from
being transmitted past the limiter(s) and the spring rate of the transmission
system shall be matched so that the stress in any member due to sudden applica-
tion does not exceed its yield strength.

Comparison

The C-5A utilizes torque limiters only in the leading edge slat drive system
and the trailing edge flap drive system. Each ball screw actuator in both
dystems incorporates a torque limiter. However, the leading edge slat drive
torque tube system in each wing semi-span also incorporates three torque
limiters as shown in Figure No. 3 (3.2.3.1.1).

These torque limiters are bi-directional in that they limit the torque
applied to the system by the trailing edge flaps power package in addition
to limiting the feedback torque due to aiding loads in excess of the trip
point. More specifically, the torque tube drive system torque limiters
limit the maximum driving load, including "leak-through" torque, in the eys-
tem outboard of the torque limiters. The load produced in that part of the
system shall not cause yielding when the system is subjected to the impact
loads. Impact loads can be produced by a slat ballecrew actuator being
misrigged to cause its non-jamming stop to be engaged while the system is
running at full rated speed in the retract or extend direction with an aiding
airload applied to the system. In addition, the torque limiters shall not
trip during slat extension or retraction with the sudden application of
limit air loads. Finally, if one of these torque limiters trips due to a
jam, the ma.imnu "leak through" torque of the torque limiter shall not be
sufficient to cause permanent set in the system outboard of the torque
limiters or cause its performance to fall outside of specification require-
ments. The trip torque of the torque limiters is set at an opposing load
sufficiently above limit air load over a temperature range of -65* F to +160°
P to preclude nuisance tripping.

Each slat actuator contains a torque limiter that limits tha applied torque
from the input shaft of the actuator gearbox to the ballecrew. This torque
limiter is also bi-directional in that it is capable of limiting feedback
torque during high speed flights caused by airloads applied at the forward
end of the actuator in excess of the trip point. The trip setting of the
torque limiters is such that they will not trip during extension or retrac-
tion with the sudden application of limit loads over a temperature range
of -65P to +1600F. If a slat actuator torque limiter trips due to a jam,
the maximum "leak-through" torque and the colum load it produces at the
ballscrew zmut not cause permanent set in any part of the actuator assembly.

The torque limiters used in the trailing edge flap actuators fumction
similarly to those in the leading edge slat actuators. Howeverl they do
not have the capability of absorbing feedback torque due to excessive
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aiding airloads, which could occur durin3 retraction; without trippir-. 7Vne
trip setting is based on maximim normal oparatin3 loads rather than limit
loads as with the leading edge slat syatem torque liniters. The trailir3
edge flap actuator torque limiters are set to trip at an oy7ooirn load
sufficiently above maximum normal operating loads over a tcanperature raz!-,
of -650 F to +1600 P t3 preclude nuisance trippinz and prevent the generation
of loads in excess of limit load. The C-5A m•ets and exceeds the intent of
the requirement.

Discussion

The requirement is wall stated and is applicable to large transport air-
craft.

Recommendation

Accept "as is."
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heqguirement

3.2.6.3.7 No-Back Brakes. No-back brakes shall prevent back driving (or
feedback) forces imposed on the output, of an actuating mechanism from being
converted to torques -which can cause the input shaft to rotate. In no-back
brakes of the heat dissipative type, provisions shall be included to distri-
bute heat generated by the brake so that temperature limitations are not
exceeded.

Comparison

The C-5A utilizes no-back brakes onlý in the pitch trim actuator assembly
shown In Figure No. 1 (3.2.6.2.1.1). Two no-back brakes are used, one in
the nut drive located at the bottom of the assembly and one in the screw
drive located at the top of the assembly. The no-ba&k brake is hydraulically
disengaged (released) when hydraulic pressure is applied to the drive motor.
Each brake utilizes a stack of brake disks welch have the capability of
dissipating heat generated durinG operation. h.moval of hydraulic pressure
from the drive motor results in the no-back brake being automatically engaged.
Engagement of the no-back brake prevents airloads imposed on the actuator
from feeding back, causing a change in trim setting. The no-back brakes
used in the C-5A pitch trim actuator are therefore in compliance with the
intent of this requirement.

Discussion

The requirement is reasonable and complete except for additional clarity
on one point. The requirament "provisions shall be included to distribute
heat generated by the brake so that temperature limitations are not exceeded"
needs to be discussed in more detail in the "Users Guide." It is suggested
that the following information may be appropriate. "No-back brakes shall
prevent back driving (or feedback) forces imposed cn the output of an actua-
ting mechanism from being converted to torques which can cause the brake
input shaft to rotate. In no-back brakes of the heat dissipative type,
provisions shall be included to insure that the heat rejection of the brake,
while operating under rated duty cycle conditions, is sufficient to prevent
the design limit operating temperature from being exceeded."

Recommendation

Accept "as is."

Additional Data

The sentences indicated by the left vertical sideline should be added to
the background information and "Users' Guide."
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khequA.rement

!.2.6.4 Hydraulic Actuat yn. Hydraulic actuation components shall be
cesigned in accordance with MIL-H-8775 or MIL-H-8890 and specific compo-

nent specifications as applicable. If hydraulic bypass provisions are
neces.iary to prevent fluid lock or excessive friction load or damping,
tLpassing and resetting shall occur automatically when system pressure
drops below or returns to the minimum acceptable value for actuation. In
actuation syste-mn designed for manual control following hydraulic fail-are,
provisions shall he made to permit bypasjing of the hydraulic systems for
checkout purposes and to permit pilot training with the emergency manual
system.

The C-5A flight control system (FCS) hydraulic actuation components wert
designed in accordihnce with the requirements of Contract End Item (CEI)
specification CP40002-6B, MI-H-8775, and the component specification
requirements. All actuation systems were designed to MIL-H-8775 using
NIL-H-5440, Type I, 300A psi systems and hydraulic fluid cenforming to
i-L-H-5606. Figure 1 (3.1.4), Item 9, shows a typical hydr,.ulic sys-
tem bypass and shut-off valve used in the C-5A-FCS primary servo actua-
tor manifold. The normal bypass and shut-off valve functions are to
shut off the hydraulic system pressure coming into the servo actuator
manifold and to provide a relatively unrestricted bypassing of fluid
between both sides of the actuation piston head. If a hydraulic system
loses pressure and if the servo control va].-e is moved to accommodate
normal pilot input motion, then hydraulic fluid bypassing a'itomatically
occurs through the main servo control valve orifices without the aeces-
sity of actuating the shut-off and bypass valves. There is no resultant
excessive friction or damping. The normal bypass and shut-off function
gives the pilot and ground crew the option of isolating and shutting
off a certain hydraulic system at a particular servo actuator location
for purposes of checking out each systam operation at each servo actua-
tor manifold. On Figure 1 (3.1.4), Item 10, is a gust lock check valve
which acts as a control surface gust lock when the aircraft is parked
and the hydraulic systems are de-energized. However, for the gust lock
to function, the shut-off and bypass v, le must be left in the normal
"O"pressure on" position and the pilot controllers must be left free
(fiands off). in this application the hydraulic lock iv necessary to
function as a surface gust lock.

T.he C-5A rudder servo actuator utilizes a different shut-off and bypass
valve than the other primary servo actuators. During normal operation with
full system pressure on, for fuitctional reas, ns, hydraulic fluid is allowed
to bypass between the two sides of the actuation piston.
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To provide for the rudder servo gust lock function, when hydraulic systems
are de-energized, the bypass path of fluid between the two sides of the
actuation piston is blocked off during the shut-off mode. During normal
operation of the rudder servo with one hydraulic system turned off, hydrau-
lic fluid bypassing, in the deactivated system, is provided by normal move-
ment of the main control valve and subsequent bypassing of hydraulic fluid
tnrough the control valve orifices.

Discussion

fThe C-5A FCS meets the intent of the basic specification requirements.
however, the requirement to provide automatic hydraulic system bypassing
and resetting as a function of a pressure drop, when it is necessary to
prevent a fliuid lock or excessive friction or excessive damping, may be
found in conflict with other requirements. The comparison of the C-5A
k'2S above poix1's out a need for design flexibility as to when a hydraulic
lock may be required. In other words, different design criteria or the
actual evolution of the system development may require a different con-
figuration. Even the "hydraulic lock" discussed in the C-5A FCS is con-
trollable through the bypassing operation from the main control valve
movement. There may be circumstances where automatic bypassing, which
can not be controlled by the pilot, would be undesirable. On the other
hand, the pilot should always be given the flexibility of providing a
bypass function of the servo actuation system when an inadvertent hydrau-
lic lock might occur due to a malfunction of the system. An example is
an inadvertent stuck _r neutrally centered control valve with the surface
hard over and full system pressure on. In this case the automatic bypass
would not function and even shutting off system pressu • ight not assure
operation of the bypass and subsequent trailing of the ý.&rface.

The point is that there are many good applications of automatic bypassing,
but not all are. In fact, there may be other better means, either
hydraulically, mechanically, or electrically of providing a bypass
function.

Tle i'4position of a particularly detailed requirement, in a genetal speci-
fication, ignores many other cimilarly detailed design considerations which
might also be imposed under the rules or guidelines existing at that time.
However, because of the multitude of different configurations and criteria
imposed on hydraulic actuation systems and because of constant advances in
state-of-the-art technology, the contractor should be given the flexibility
of providing the most cost effective and safest design.

Design guidelines which recorruend this type of design consideration are good
and their intent should be presented to the contracting agency.
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It would be beneficial to develop and compile more specific requirement
g.iidelines from the results of hardware "tradeoff" studies to present
pirticular design practices versus function criteria, operation, cost,
weight, vulnerability, etc., for future inclusion in the "Users Guide"
or reference to an AFSC or similar source of information.

Recommendation

U?ývise the second sentence to read: The decision for automatic versus
m-nual hydraulic bypass provisions shall be justified in the design pro-
cess.

Additional Data (For Users Guide)

",.pass and Shut Off Provisions - There are worthy applications for hydraulic
fluid bypassing" (i.e. free flow of hydraulic fluid between both sides of the
piston). Some applications may include preventing fluid lock and preventing
excessive friction and/or damping. However, there are other legitirmate design
considerations in deternining whether the by-passing should be automatic (as
a function of criteria such as hydraulic preasure drop) or manual (controlled

by the pilot) or possibly a combination of alternative control modes. •anual
control of hydraulic fluid bypassing may be desirable for ground or in flight
checkout or emergency control even for full power systems that don't have
manual reversion. C-5A ground gust lock design features, for example, pro-
hibit the use of automatic fluid by passing.
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Requirement

5.2.6.4.1 Rydraulic Servoictuators. Hydraulic servoactuators shall be
designed in accordance with aP 1281. Electrohydraulic servovalves shall
be designed in accordance with KIL-V-27162. If electrical-input hydraulic
servovalves having mechanical feedback of actuator position are used, the
applicable requirements of AR? 988 shall be met.

Comparison

The C-5A primary FCS uses hydraulic: servoactuators which were designed to
meet the performance requirements of Contract End Item specification CP
40002-6B. The aileron, rudder and elevator surface servoactuation systems
used an arrangement of separated manifold and actuator cylinders which were
hydraulically co anected by flexible connections. Figure No. 1 (3.1.4) is
the inboard elevator servo hydraulic schematic and is typical of the primary

hydraulic servoaotuators which use the integrated stability augmentation

system (SAS). This illustrates the typical dual 14draulic system irreversible
servo which has parallel pilot and autopilot mechanical inputs and series
stability augmentation electrical inputs that are translated into surface
position thru the closed loop servo system. The actuator cyli'iaers are
the load carrying members. These are separately mounted to fi•tings on
the primary structure beam and the actuating surface beam through self-
aligning bearings. The hydraulically servoed -xtension or retraction of
the cylinders provides the demanded surface displacement. All hydraulic
seals for moving components are dual and are vented to return between the

seals to permit leak detection and increase seal life. Each hydraulic mani-
fold is rigidly attached to tha aft face of the primary structure beam.
The manifold consists of a tandem dual concentric servo main control valve
(MCV), shut-off valves, pressure switches, relief valves, filters, and gust

lock check valves. The outer sleeve of the YCV is actuated by the SAS
tandem actuator. This actuator is controlled by duplicated sets of a single

stage electrohydraulic valve, solenoid shut-off valve and elements of the
closed loop SAS system. These elements include the linear variable differen-
tial transformer (LVDT). The mechanical input controls the inner spool of
the NOCV and a mechanical summing linkage provides the mechanical closed loop
for the feedback system. Coiled tubing assemblies or rotary couplings (for
aileron servo) ports hydraulic fluid from the manifold to each actuator
cylinder. The outboard elevator mechanization differs in that the servos
include no SAS and triplex actuat n is provided by use of a single manifold
and actuator in addition to the dual actuators and manifolds. The basic
reasons for using the separated hydraulic components instead of the integrated

manifold and tandem servo actuator were installation space limitations,
cost and weight considerations, and LRU maintainability.

Figure No. 1 (3.2.6.4.1) shows the aileron servo actuator installation
mounted on the wing box structure beam. Deep penetration of the wing box
beam with massive structural beef-up would have been necessary for the

integrated tandcm actuator design. It can be seen that the separated
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actuator mounting helps to spread the actuator loading into the wing box
and the actuator mounting brackets are backed up by the more rigid wing
box structural caps. Items 9 and 10 of Figure No. 1 (3.2.6.4.1) show the
idler bellcrank and feedback link (from the aileron surface) which prov- ,
the necessary feedback magnitude and direction to assure a stabilized
servo loop throughout the operational frequency envelope.

Figure No. 2 (3.2.6.4.1) is a typical flight spoiler servo actuator instal-
lation. The flight spoiler servo is a dual tandem hydraulic system irrevers-
ible servo actuator which departed from the usual C-5A primary servo design
because of the installation space requirements. Figure No. 3 (3.2.6.4.1) is
the flight spoiler servo 3chematic which ahows a mechanically controlled MCV,
shut-off valves, pressure switches, relief valves, filters, gust lock check
valves and actuation. The dual tandem piston actuation system is attached
to structure thru self-aligning bea:-ings. Figure No. 11-9 indi-
cates the arrangement of the ten fl:.ght spoiler servo actuators which are
used both in flight for roll control and on the ground for lift spoiling.

The criteria for the C-5A servo actuator design were completely defined in
the detail specification document for procurement from the subcontractor.
Complete envelope drawings defined the mechanical installations and arrange-
ments including all relevent interfaces such as actuator mo-jntings, feedback
arrangements, input arrangements, input and surface travels, etc.

The backup attachment structure spring rate requirements and actuated
surface inertias were specified in the detail specification document. The
servo loop stiffness requirements considered bcth static and dynamic criteria.
The static loop stiffness requirements used a minimum hydraulic fluid bulk
modulus and were derived from aeroelastic characteristics, servo to surface
gearing (gain) and surface deflections as a function of the aerodynamic
hinge moment. The dynamic stability was defined by bode plot parameters
which, for the aileron servo, had a closed loop responne upper amplitude
ratio limit of +2 db and lower limit of -5 db out to 11 radian/second. The
lower phase limit curve was non-linear from a point at I radian/second of
25" up to 125* at 30 radians/second. Input required sweeps of +10 over 3
to 300 radians/second and D3 1/2" over 3 to 6 radians/second. During the
evolution of the primary FCS servoactuators the stability criteria were
met in some areas by supplemental stabilizing techniques such as stabilizing
mechanical feedback links, increased structural stiffness and hydraulic
leakage.

The electrohydraulic (E-H) control valves were designed to ML-V-27162
basic (Flow Control) except as noted in the detail component specifications.
The E-H valves, as noted, are used to control the SAS actuation piston for
the MCV which uses the LVDJ electrical fsedback. Tha servoactuatoyi were
designed to the hydraulic systems requirements of MIL-H-554O, Ty're I, and
hydraulic component requirements of ML-H-8775. The actuating cylinders
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were designed to N[L-C-5503, Type I. Exceptions to these military specifi-
cations were noted in the detail specifications. The endurance life of the
primary FCS servoactuators was more than 5,000,000 cycles as noted in the
validation for Paragraphs 3.1.11.3 and 3.1.12. The motor or solenoid
operated shut-off and bypass valves (MSBV) were designed to the requirements
of MfL-V-7915 with the electromechanical actuators per MM-A-8064 and sole-
noids per MIL-S-4040, except as noted in the detail component specification.
dydraulic filters were designed to MIL-P-8815 and check valves were designed
to NIL-V-5524. The servoactuator assembly and components were required to
meet the environmental test requirements of Y41-STD-810. The detail component
specification listed all the basic perforwance criteria such as velocity,
threshold, hysteresis, leakage, strength, output capability, dcnamic synchroni-
zation, null shift, etc., required to meet all the F'CS functional, safety,
reliability, and maintainability requirements.

Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design
and can be demone÷rated. This requirement should be specified for all future
transport type aircraft.

Recommendation

Accept the specification "as is."

Additional Data (For Users Guide)

Actuator Mechanization - The 'users guide' accompanying the MIL-A-XXXX
military specification: 'Aircraft Flight Controls, Power Operated, Hydraulic
General Specification For' which replaces ARP 1281 should be consulted
regarding detail design considerations for hydraulic servoactuators.

34~5
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Requirement

3. 2 .6.4. 2 Motor-pump - Servoactuator (MPS) Package. This is defined as an
integrated servoactuator package v&tIch incorporates an electric motor driving
a hydraulic pump, a hydraulic fluid reservoir, a servoactuator, and neces-
sary accessories packaged in a single, self-contained IRU. Individual com-
ponents within the integrated package shall be designed in accordance with
the applicable requirements of the corresponding component specifications.
Essential or flight phase essential applications require specific approval
from the procuring activity.

Comparison

The C-5A flight control systems do not utilize motor-pump - servoactuator
packages.

Discussion

The requirement addresses the components of an MPS package and ignores
the package as a whole. As a minimum, it should require en overall speci-
fication document be prepared of which the individual component specification
documents become a part. The overall MPS package specification document
should address the package/control and power systems interface as well as
the topics normally covered by a sp'ecification document for an ordinary
control surface power servo-actuator assembly.

Recommendation

1. It is recommended that the following sentence be added between the
existing first and second sentences.

"In addition to the topics normally covered, the MPS package design
specification document shall address the functional, performance and
interface requirements of the individual components that make up the
MPS package."

2. It is recommended that the existing second sentence be revised as fol-
lows:

"Individual components within the integrated package shall be designed
in accordance with the applicable requirements of the corresponding
components specifications which shall be referenced in and be a part
of tha MPS package specification document."
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Roquiror~nt

).2.6.4.3 A2tLitinr Cylinders. Actuating cylinders without control valves
and feedback provisions in the same LRU shall be designed in accordance with

INJL-C-5503, except that the life cyclirl requirements shall be modified to
reflect the specific usage. (See 3.1.12.)

Cc -rieon

The C-5A FCS primary hydraulic servo actuator cylinders are separate IRU
components of tne total servo installation. Typical examples of C-5A
servo actuators are shown for the elevators in Figures No. 1 (3.1.4) and
No. 11-5 and for the ailerons in Figure No. 2 (3.2.3.2.5). The actuating
cylinders were dosigned to meet or exceed the minimum requirements of
?i,'L-C-5503. In scme areas C-5A desig-n requirements were more stringent.
The C-5A FCS primary hydraulic servoactuators were designed and endurance
life cycle tested to a minimum of 5,000,CCO cycles of various load and stroke
ccmhinations consisting of anticipated amplitudes, frequoncies and loads
related to the cyclic distribution defined in 11IL-C-5503C. They met the
design goal by achieving a seal life equal to the actuator endurance life
requirement, See Paragraph 13.1.12 validation for Additional discussions
relating to wear life.

i•ac.vsion

The i.ording of the subject specification dcr's not rule out the application
of actuating cylinders in servoactuator applications as noted in the
referenced C-5A servo actuator design. The actuator ccmponent is part of
a servo loop installation. How.ever, the actuator is a separate UiU and
dues not contain a control valve or feedback provision. The C-5A flight
spoiler actuator is a tandem servo actuator with an integral control valve
and feedbaýck provision. Scme of the guidelines of ,ML-C-550) were applied
to the flight spoiler siervo actuator as design criteria. MNa-C-5503 provides
good design criteria; hoý.ever, as noted in the "Users Guide," it should not
be the Jimitin, criteria for desiganing a long life servo actuator. This
para'graph of MI[L-F-94ý9OD could izrose NIL-C-.5503 as the sole servo actuator
design criteria, except ft.: life cycle rcquirzments. Therefore, this require-
=nmt should be rayt;ord2d to allow more flexibility in daviating from MNL-C-
5503 uhan its crite�ra •ould restrict the ccntraetor from meeting a demanding

servoactuator rcquircennt.

With the roccornded modification this is a gcod requirement v.ic-h has been
satisfied by the C-5A ccntrol oystnm dsign. It can be readily demonstrated.
and should be specified for all futuri trcno'ort type aircraft.

-ise the wordirg of 3.2.6.4.3 as folic-.-s:

"Ac'etir.g cylinders without control val-eo and feedback provisions



in the same JAU shall be designed in accordance with HII-C-5503,
except where more demanding design criteria may be required to
assure meeting overall system life and/or aircraft mission relia-
bility requiremants.

Additional Data (For Users Guide)

Actuating cylinders without control valves and feedback provisions in the
same LRU which are part of a total servo loop installation should ba de-
signed to comply with all of the applicable servoactuator design rkquire-
ments. In addition to more stringent life cycling requirements other con-
silerations include stiffness and servo system compliance. An example of
this type of servoactuator is t4e C-5A Aileron Servo Actuator installation
shown in Figure ýo. 1(3.2.6.1.11.

This desiga installaticn was chosen over the "Integrated" servoactuator
design as a result of cost and weight trade studies. NOTE: For Figure[ I
use the next available users guide number.
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Requirement

3.2.6.4.4 Force Synchronization of Multiple Connected Hydraulic Servo-
actuators. In essential and flight phase essential flight control actuator
installations employing multiple connected servoactuators, the actuators
shall be synchronized as necessary to assure specified performance and
durability as specified in 3.1.11.3 in the structure between actuators
without undue structural weight penalties.

Comparison

C-5 servo actuator specificat.ons provide for valve static and dynamic
synchronization over the entire range of servo valve displacement. Syn-
chronization between the two hydraulic systems is obtained by dimensional
control of the servo valve spool and sleeve to control load differences
between the actuators. In the case of the outboard elevator a dual servo
and a single servo are used. The dual servo is rigged first, as above,
with the single servo deactivated. The single servo input is then rigged
unpressurized to rig pin locations. Finally the single servo output
feedback rod is rigged to achieve approximately equal pressures on each
side of its actuator piston (as sensed by a differential pressure sensing
device which is contained in the servo manifold).

Discussion

Lockheed has met the requirements for force synchronization. The servo
and rigging provisions have assured that the surfaces, actuators, and
support structure are not subjected to significant out-of-phase loading

conditions which might degrade structural or actuator life or increase

structural weights. The requirement is realistic and desirable for future

transport aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.2.64.5 Hydraulic Motors. Hydraulic motors may beý used to actuate rela-
tively low-duty-cycle, noncritical flight control surfaces, such as wing
flaps, but specific approval from the procuring activity Lrit be obtained
before use in high duty cycle noncritical applications or in any essential
or flight phase assential application. They shall be designed in accordance
with MnL--7997.

Comparison

The C-5A utilizes hydraulic motors only in low-duty-cycle flight
control systeus. Specifical.y, two motors are used in the trailing edge
flap drive power package assembly and two are used in the pitzh trim actua-
tor assembly. The two motors used in the flap system are the same, but the
two motors used in the pitch trim system are different in displacement.
All these motors are designed in accordance with MIL-M-7997. The C-5A is
in compliance with this requirement.

Discussion

Lockheed considers this to be a good requirement applicable to future
transport aircrsft.

Reecomendation

Accept "as is."
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Requirement

3.2.6.5 Electromechanical Actuation. Electric power may be used to actuate
relatively low-duty-cycle, noncritical flight control functions, such as for
trim and in the AFS, but specific approval from the procuring activity must
be obtained before use in essential and flight phase essential applications.
Electromechanical actuation components shall be designed in accordance with
MIL-E-7080, and specific component specifications as applicable, and the fol-
lowing. Performance requiremen-ýs shall be adequate for intended application.

Comparison

The C-5A FC8 uses electromechanical actuators for the roll trim control,
spoiler/aileron mix, ratio changer, rudder trim, rudder limiter, cross-wind
steering, hydraulic servo shut-off valves, and in the throttle control con-
sole. These electromechanical actuators were designed to MIL,-!-8064 for
electromechanical actuators with electric motors per MIL-F-7969 and J.uit
switches per MIL-S-6743. MaL-E-7080, Electric Equipment Installation and
Selection, was also applicable.

Figure No. I (3.2.6.5) shows an exploded view of a trim actuator which is
representative of the typical linear electromechanical actuator used in the
C-5A FVCS. *'om this figure it can be seen that the predominate portion of
•he actuator consists of mechanical components, such as drive gears, shafts,
bearings, stops, etc. The primary specification for the design and testing
of the electromechanical actuators was the component specification, using
the requirements of 2IL-A-8064, unless otherwise noted in the component
specification.

Discussion

The C-5A FCS electromechanical actuatora were designed to meet the electric
equipment installation requirements of MIL-E-7080 in addition to other appli-
cable specifications. However, MIL-E-7050 only covers the electrical equip-
ment design and does not p-ovide any guidelines for the mtchaniial portion
of the design, such as that provide. by xIL-A-8o64.

It is reLommended that additf-onal design guidelines be provided both in the
"Users Guide" and the subject specificatioxn to cover the mechanical .eslgn
requirements. This requirement can be demonstrated and should be specified
for all future transport type aircraft.

Recommendation

Rewrite the last two sentences to read:

"Electromechanical actuation components shall be designed in accordance
with mnL-E-7080, MIL-A-3064, and the specific component specification
as applicable."
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Recuirements

3.2.6.5 Electromechanical Actuation.

Additional Data

Linear tectromechanic4 screwJack actuators, such as the one shown in
Figure LNo. 1 (3.2. 6 .3)j , are used for many non-critical flight control
L unction% The C-5A heavy logistics transport roll control system, Figure

NNo. 1l-14 illustrates typical applications of electromechanical trim actua-
rs. Roll axis trim is accomplished by providing a series input to the

aileron servo actuator. The Spoiler/Aileron Mix Box iA the roll control
input system provides sequencing and ratio changing functions by operation
of linkages actuated by an electromechanical actuator.

Note: For Figure Fo. use the next available "Users' Guide" number.

1equirements - Not Applicable

3.2.6.6 Pneumatic Actuation

3.2.6.6.1 High-pressure Pneumatic Actuation

3.2.6.6.2 Pneumatic Drive Turbines
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Requirement

3.2.6.7 Interfaces Between Actuation Systems. Support Structure, and Control
Surfaces

3.2.6.7.1 Control Strface Stops. Surface stops sha'l be provided each flight
control surface to positively limit its range of motion. Stops shall be located
so that wear, slackness, or takeup adjustments will not adversely affect the
control characteristics of the airplane becuse of a change in the range of
surface travel. Each stop shall bc able to withstand any loads corresponding
to the design conditions for the control system. Where power control actuators
are attached directly to the control surface, stops shall be provided within
the actuator. Such actuators shall not only be designed for maximum impact
loads, but also for the cumulative fatigue damage due to load cycling pre-
dicted during flight and due to bottoming during ground checkout and taxiing.
Where control valve command input stops are provided, the actuators shall be
designed for maximum impact stop loads, and not for fatigue damage due to
bottoming, 3xcept as normally encountered with the input stops and feedback
provisions functioning.

3.2.6.7.1.1 Adjustable Stops. All adjustable stops shall be positively
lockhed or safety wired in the adjusted position. Jam nuts (plain or self-
locking type) are not considered adequate as locking devices for this appli-
cation.

Comparison

C-5A control surface travels are limited by the surface actuators which are
attached directly to the control surfaces. The actuators have been designed
to withstand the impact loads which occur during system no-load ground opera-
tion. In no case is a surface travel limit set by valve conmand input stops.
Except for the spoiler actuators, all surface actuator lengths are established
at the factory and are locked sealed and not meant to be changed in the field.
The spoiler actuator lengths are adjusted when an actuator is installed ini-
tially or replaced. These adjustments are provided by threaded and slotted
rod ends engaging the actuator piston rods. Jam nuts are used in combination
with NAS1193 locking devices and safety wire is installed to prevent loosening
of the Jam nuts.

All surface stops are mechanical (pistons bottom in the cylinder body); are
immersed in hydraulic fluid and are not subject to wear. All actuators
were designed and tested to demonstrate their capability to withstand the
cumulative fatigue damage due to load cycling predicted during flight and
due to bottoming during ground checkout and taxiing. For instance, all
flight control actuator (except ground spoiler actuators) were subjected
to the following cycling during C-5A qualification tests:
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* 2000 slam endurance at maximm -ates, equivalent system mass
moments of inertia and structural spring rates

* 5,000,000 endurance cycles including at least 4,980,000 load
cycles and 20,000 unloaded cycles during which the actuators
were bottomed at the extremes with full system pressure differen-
tial.

Ground spoiler actuatcrs were subjected to 20,000 slam endurance cycles at
mAx.nnz rates with equivalent system mass moments of inertia and structural
spring rates. They were also subjected to 20,000 load stroke cycles with
full system pressure being developed at the extend and retract positions.
An additional 20,000 load cycles simul&ting spoiler load reversals due to
flap operation with the spoilers closed and locked were also conducted.

Dicussion

The requirements are valid and the C-5A. actuators met or exceeded them.

Recommendation

Accept the requirements as they stand.
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Requirement

3.2.6.7.2 Control surface ground gust protection. All flight control
surfaces shall have prcvisions to prevent damage from ground wind loads
as specified in MIL-A-8865. However, nG separate provisions are required
if the damping characteristics of installed flight control actuitors
suffice for gust protection.

Comparison

The C-5 flight control surfaces and structure were protected from damage
from ground wind loads as specified in MIL-A-8865 by the surface actuator
themselves. All flight control actuators except ground spoiler actuatoi's
utilize hydraulic snubbers integrated with the hydraulic servo valve agid
manifold. The manifold incorporates a gust lock check valve in the inlet
pressure passage which prevents reverse flow of hydraulic fluid from the
manifold to assure the presence of hydraulic fluid in the surface actuator
when the servo is in the shut off and by-pass position. Figure 1 (3.1.4)
Hydraulic Schematic inboard Elevator Servo is representative of all the
flight control actuator snubbing.

Ground spoiler actuators incorporate integral mechanical devices in the
actuators which lock the surfaces in the faired position. This lock is
released only when hydraulic pressure is ported to the opening side of
the actuator piston. Therefore, it serves as a ground gust lock to satisfy
the requirements. Figurel (3.2.6.7.2) shows the ground spoiler actuator
hydraulic schematic.

Discussion

The requirement is satisfied by the C-5A flight control system. The
requirement is reasonable and compliance can be demonstrated. It is a
valid requirement for future transport aircraft providing what Lockheed
believes is a cost effective means to protect the aircraft from wind
loads when parked.

"liecommendati on

/AAccept the Requirement as stated.

Si5
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Requirement

3.2.6.7.2.1 Control Surface Locks. 'Where control surface looks are ised, the
lock system shall be internal within the airplane. External locks may be used
for helicopter --otors * The locks shall either engage the surfaces directly or
lock the controls as near to each surface as practicable and shall be spring
loaded to the unlocked position. Control surface locks shall be designed to
preclude attempting take-off with controls locked.

Comparison

The only surface mechanical locks used in the C-5 flight controls are contained
in the ground spoiler actuators. These locks are engaged at all times except
when ground spoilers are intended to be extended such as during a rejected take-
off or a short field landing. Ground spoilers are not intended for use after
lift-off; therefore, the locks are rigitly engaged in flight. Hydraulic gust
looks integral with the servo actuators are used when re-quired at th-? locations.

Discussion

The requirement is valid and can be met economically.

The use of the C-5A ground spoiler actuator integral lock does, however,
indicate a need to revise the specification and users guide to add require-
ments for those applications of the flight controls which are employed only
prior to lift-off and/or after touch down and which normally should remain
faired during flight.

Recommendation

Revise the last sentence of the requirement to add "except for those controls
which are intended for use only on the ground."
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Requirement

3.2.6.7.2.2 Protection Against Inflight Engagement of Control Surface Locks.
Control surface ground gust locks and their controls shall be designed to pre-
clude their becoming engaged during flight.

Comparison

Only C-5A ground spoilers employ mechanical surface locks iutegral with sur-
face actuators.

Discussion

Care was taken in the C-5A design to assure that ground epoiler actuator
locks remain engaged from lift off to touch down.

Recommendation

Restate the requirement as follows:

"3.2.6.7.2.2 Protection Against Inadvertent Engagement or Disengagement of
Control Surface Locks. Ground gust locks for control surfaces and their con-
trols shall be designed to preclude their becoming engaged during flight.
Locks for control surfaces intended for use only during the take-off roll
or landing roll and their controls shall be designed to preclude their
becoming disengaged in flight."
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Requirement

3.2.6.7.3 Control Surface Flutter and Buzz Prevention. All flight control
surface actuation systems cont .)lling surfaces which are not dynamically
balanced shall be effectively irreversible or provided with sufficient
damping to prevent flutter, buzz, or other relative dynamic instabilities
for all operating modes and meet the requirements of MIL-A-8870. No
active powered compensation technique or mechanization designed to artifi-
cally increase effective stiffness, damping, or natural frequency shall be
used without prior approval of the procuring activity.

Comparison

C-5A control surfaces are statically balanced to varying percentages with
the exception of the inboard elevator control surfaces. The inboard eleva-
tors are interconnected mechanically and each is provided with an unpowered
mechanical-hydraulic damper assembly. The balancing and dampers preclude
the possibility of any dynamic instahbilty including flutter and buzz when
operating the aircraft with inboard elevator control servo-actuators unpowered.
No active powered compensation techniques are used to artifically increase
effective stiffness, damping or natural frequency.

The C-5A F`CS design meets the requirements of MIL-A-8870 which required the
aircraft to be free of any flutter, buzz, divergence, and other dynamic
aeroelastic, aerothermo-elastic, and aeroservoelastic instabilities of -the
aircraft and its relevant components at all speeds up to I .15 V for all
design ranges of altitudes, thermal conditions, and maneuvers wkere losses
in rigidity could occur. See the validation discussion for Paragraph 3.1.11.2
for additional substantiating data.

Discussion

This is a valid requirement which has been satisfied by the C-5A control
system design and can be readily demonstrated. The "Users Guide" (AFFDL-
TI-74-116) discussion on this requirement is excellent and is a good example
of the type of coverage which should be provided for user information. This
requirement should be specified for all future transport type aircraft.

Re commendation

Accept the specification "as is."
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Requirement

3.2.7 Comoonent Design

3.2.7.1 Common Requirements

3.2.7.1.i Standardization. WIhere practical, contractor designed equipment
which has been approved for use in some models of aircraft shall also be
used in later model airplanes if the installation and requirements are
similar.

Tolerances shall be such that interchange of may LRU with any other part
bearing the same part number shall not require resetting of parameters or
readjustment of other components in order to maintain overall tolerances
and performance.

Comparison

The C-5A FCS did not use any Lockheed designed equipment used on earlier
model airplanes.

Discussion

The requirement is a worthy design goal which should reduce FCS costs for
any particular airplane when appl.trable. The C-5A FCS and component designs
were significantly different from previous Lockheed designs because of the
larger size of the aircraft. This required the use of all new Lockheed
systems concepts and mechanization. Many of the previously designed compo-
nents were reviewed in efforts to standardize equipment. However, systeras
dynamic performance and loading requirements prevented their use. Where
possible, unhanded FCS servo assemblies and common components within them
were used to achieve desired standardization. Care was taken in the design
of these LRU multi-use assemolies and components to assure their physical
and functional. interchangeability without adjusting or resetting them.
The requirement is well stated and is applicable to large transport type

aircraft.

Recommendation

Accept as stated.
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Requirement

3.2.7.1.2 Interchangeability. Like assemblies , subassemblies, and replace-
able parts shall meet the requirements of MIL-I-8500 regardless of manu-
facturer or supplier. Items which are not functionally interchangeable
shall not be physically interchangeable unless specifically approved by
the procuring activity.

Comparison

C-5A i.aterchangeability and replaceability requirements for purchased
components are contained in Lockheed'u Specification D4M9oooo, General
i'ngineering Requirements for Vendor Designed Equipment, Appendix III.
Interchangeability and replaceability general requirements are contained
in Section 3.3.7 of the Air Vehicle Specification Document CP 40002-IA.
These C-5A requirements satisfy the intent of this paragraph of MIL-F-9490D.

Discussion

Adequate controls were established to assure parts manufacture in accordance
with Lockheed engineering data, information and control media. Where like
components were used in different assemblies, such as a servo valve in a
manifold, adequate assembly functional tests were conducted to assure that
performance of each assembly met its requirements. Where changes to inter-
changeable parts were required during the C-5A development, part numbers
were controlled anu changed to assure appropriate control of the final
configurations.

Care was taken through the use of design and dimensional controls and other
means to assure that only physically and functionally interchangeable parts
could be interchanged. The requirement is clearly stated and its applica-
tion to large transport type aircraft is reasonable.

Recommendation

Accept the requirement.
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R qgLrement

3.2.7.1.3 Selection of Specifications and Standards. Specifications and
standards for necessary commodities and services not specified herein shal.i
be selected in accordance with MIL-brD-143.

Comparison

individual Lockheed C-5A control component procurement specification docu-
ments and D4N90000, General Engineering Requirements for Vendor Designed
rquipment specify the application of 14IL-STD-143 in the selection of speci-
"fications and standards for necessary commodities and services not other-
wise specified.

Jiscussion

rhe C-5A met the requirement which is reasonable.

Recommendation

Accept "as is."

ReQuirement

5.2.1.1.4 Identification of Product. Equipment components, assemblies,
and parts of flight control systems shall be identified in accordance with

•' • IL-SUD-1 ,30.

Comparison

CEI Detail Specification, CP 40002-6B, requires that C-5A equipment identi-
fication and markings be in accordance wit., MIL-M-25047, NIL-S•D-130 and
AsCI8o- I.

Discussion

TheC-5A met or exceeded the stated requirement. The requirement is rea-
sonable and applicable to future transport aircraft.

Recommendation

"Accept "as is."
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Requiremernt

3.2.7.1.5 Inspection Seals. Corrosion resistant metallic seals shall be
provided at all strategic locations to indicate assembly inspection and
any unauthorized disassembly.

Comparison

The C-5A FCS used low weight Al-Acast seals at the required locations.
These seals are aluminum alloy and have been proven to be satisfactory
by environmental testing and actual service.

Discussion

The requirement is reasonable and is met by the C-5A. It is subject to
interpretation, however, since the term "corrosion resistant metallic
seals" may be interpreted to mean "corrosion resistant steel seals" in
which case Lockheed believes the requirement would be too restrictive.
The "Users Guide" does not clarify it.

Recommendation

Revise the requirement as follows:

"3.2.7.1.5 Inspection Seals. Suitable corrosion and wear resistant
seals shall be provided at all strategic locations...."

Requirement

3.2.7.1.6 Moisture Pockets. All components shall avoid housing designs
which result in pockets, wells, trars, and the like into which wa.er, con-
densed moisture, or other liquids can drain or collect. If such designs
are unavoidab,.e, provisions for draining shall be incorporated.

Comparison

The C-5A conforms to this requiremeut. Water traps were generally avoided
and drain provisions were incorporated where condensed moisture might accumu-
late.

Discussion

The requirement is reasonable and desirable.

Recommendation

Accept "as is."

364___



Requirement

3.2.7.2 Mechanical Components. Mechanical .xaponents not covered by design
requirements specified elsewhere within this specification shall be designed
in accordance with applicable requirements in: Governnent and Industry

specification, in the order of precedence specified in M.IL-STD-143; in AFSC
Design Handbooks DH 2-1, DN 3B1, Mechanical FLight Controls; and DH 1-2,
General Desi& Factors; and the following;

Comparison

The C-5A flight control system (F-S) mechanical component design criteria
not crered by design requirements specified by de.initive functional require-
ments were otherwise desiened in accordance with the detail component require-
ments of Contract End Item ski.ifications CP 40002-1A, CP 40002-6B, and
related detail specifications t~ierein. The F&S mechanical systems such as

the cable systems and push rod systems and tneir releted components were
designed to criteria which meet or exceed the design practices specified
in the AFSC-DH handbook sections for mechanical flight control] and general
design factorr. The FCS components were designed to minimum weight and size
and the system design uced the minimum number of parts required for that
function.

Discussion

This is a goo6 requirement which has been satisfied by the C-5A control
system design and can be readily demonstrated. This requiremelAt should be

specified for all future trancport type aircraft.

Recommendation

Accept the specification "as is."
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iaeouirement

3.2.7.2.1 Bearing#. Plight control system bearirgs shall be selected in
accordance vith AP3C Design Handbook DH 2-1, Chapter 6, Airframe Bearings,
and the following.

3.2.7.20.1 Antifriction Bearings. Approved type ball bearings in accord-
ance with MIL-B-6038, MlL-B-6O39, and KML-B-7949 shall be used throughout
the flight control system, except as' indicated in the following paragraph*.
Bearing Installation shall be arranged in such a -- nner that failure of the
rollers or balls will not result in a complete separaoion of the control.'
Where direct axial application of control forces to a bearing cannot be
avoided,, fail-safe feature shall be provided.

3.2.7.2.1.2 Siterical Bearings. Where space or other design limitations
preclude the use of' antifriction bearings, spherical-type, self-lubricating
ple 4n bearings in accord-nce with MIL-B-81820, or spherical or special-type

al.-metal bearings in accordance with MIL-B-8976 with adequate and accessible
provisions for lubrication, may be used.

3.2.7.2.1.3 Sintered Bearngs. Sintered type, or oil impregnated bearings
shall not be used in those parts of the flight control systems which have
slow moving or oscillating motions. Their use in fast moving rotating
applications, such as in qualified motors and actuators, is permissible.
Bearings shall conform to KJLB-5687.

Comparison

The C-5A flight control system (?CS) mechanical and hydraulic actuation
systems, in most applications, utilized MS type bearings which were vendor
supplied and had been designed to the Military Specifications referenced
above and which were specified In the component design criteria of the
Contract End Item specification CP 40002-6B. Special, spherical bearings,
such as the primary surface servo actuator bearings, which were subjected
to high load and cyclic conditions, were generally designed by the component
or sub-system vendor and had to utilize, and in some cases develop, an advance
in the state-of-the-art to meet the demanding requirements. An example is
the development of special bearing liner material for the spherical bearings
used in the surface actuator rod ends. The design criteria of the C-5A
bearing design was MIL-F-9490C which allowed the use of these special spheri-
cal bearings subject to the approval of the Air Force.

All of the PCS bearings had to be designed and tested to an endurance
life cycle requirement and an environmental life requirement in accordance
with MILSTD--810. Strict maintainability requirements produced many
bearings whd .h required little or no lubrication. The C-5A bearing design
criteria followed the design guidelines discussed in AFSC CH 2-1, Chapter
6.

i
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Discussion

The requirements as stated are good and compliance can be easily demonstrated.
The C-5A design complieu with the intent of the requirement as it stands.
However, the specifications as stated may be restrictive, depending on
interpretation, in utilizing and advancing the state-of-the-art technology
in bearing design. Another area cf 4.oncern is the magnitude of "direct
axial application of control forces" discussed in 3.2.7.2.1.1. There is
almost always som6 axial load involved, but in many cases it in of low magni-
tude with respect to the bearing axial load capability and therefore not
sufficiently significant to require the fail-Late design feature. The
specification, as modified below, is recommended for future transport type
aircraft.

Recoumendation

In order to define a magnitude of axial force, modify Paragraph 3.2.7.2.1.1
last senterce to read:

"Where a significant (50% of the beari&'ft. axial load limit) direct
axial load application of control forc-. tr a bearing cannot be
avoided, a fail-safe feature shall be prmvded."

In order to allow for improved state-of-the-art technology, add another
paragraph as followst

"3 . 2 . 7 . 2 .1. 4  Special Bearing Applications. Where the design and/or
operational criteria dictate that the contractor must use a bearing
design ••ich does not meet all the requirements of Paragraphs 3.2.7.2.1,
3.2.7.2.1.1., 3.2.7.2.1.2., or 3.2.7.2.1.3., the design is subject to
the approval of the procuring agency."
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reggiroment

3.2.7.2.2 Controls and Knobs. Airorew controls shall be shaped and
located per the requirements of AFSC Design Handbook DH 2-2. Control
knobs shall be designed and spaced per the requirements of APSC Design
Handbook DH 7-2 and MIL,-K-25O049.

Comparison

""he aircrew controls arrangcment is suggested in APSC Design Handbook
r{ '-2. The C-5A arrangement in shown in Figures 1(3.2.7.2.2) and
•(0.2.7.2.2).

YTI-,STD-203 Military Standard Cockpit Controls Location and Actuation for
V'ixed Wing Aircraft and AFCS Design Handbook 2-2 were required for the
"-5A desirr. ýThe C-5A control knobs and levers were shaped and located to
roet these ,*';uirements.

niscussion

The MT.L-F-9490D requirement is reasonable and allows the designer the free-
don he needs to lonate controls in the space available.

Pecomendation

Accept "as is".
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Requirement

3.2.7.2.3 Dampers. Each dumper shall be completely defined by a detail
Opecifioation. Control stick dampers shall be designed no that they can
be overpowered by the pilot in the event of failure or malfunction. Damping
requirements for surface dampers shall be based upon the anticipated flutter
frequency, but the endurance requirements shall be based upon the same cri-
teria established for the surface controý. act.ators. Detail design of
hydraulic dampers shall conform to the applicable requirements of MIL-C-5503.
All Joi-its, connections, and bearings shall be designed to prevent the
degree of wear which can cause unacceptable freeplay.

Comparison

The C-5A has an inboard elevator surface damper assembly which is defined
by a specification document and an envelope drawrA±g. The assembly was
designed to cover a frequency zwge of 0-16 CPS which includes the expected
flutter frequency of 2.8 CPS. The qualification test for the assembly incor-
porates an Endurance Life Test which includes the 5,000,000 cycle spectrum
of the C-5A elevator 9ystem servo assembly and a total of 5,000,000 cycles
at low deflection angle (; 10, + 20 and + 5').

The damper assembly is designed to the applicable paragraphs of MIL-C-5503'
and after the Endurance Life Test must still meet the specification damping
requirements at the expected flutter frequency.

Discussion

The C-5A Inboard Elevator Control System and Surface Damper meets the
requirements of this paragraph. The requirement is reasonable and can be
demonstrated practically.

Recommendation

Accept *as is."
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kleouiroment

3.2.7.2.4 Structural Fittings. All structural fittings used in flight con-

trol systems shall comply with tha design requirements specified in APSC
Design Handbook Mi 1-2, Design Note DN 4BI, Dosign Requirements, and where
applicable, the design considerations specified in Design Note.DN I4B2,
ForgingI and Castings.

Comparison

The C-5A flight control systems (PCs) structural fittings were designed to
the guidelines and military specifications defined in Contract End Item
specifications CP 40002-IA and CP 40002-6B. The C-5A design requirements
and guidelines were more definitive than the requirements of AFSC Design
Handbook Mi 1-2, Design Notes, DN 4B1 and L1N 4B?2.

All materials used were in accordance with the requirements of MIL-Handbook-
5.

Castings were designed to meet the requirements of MnIL-c-6021, MIL-A-8860
and APSCM 80-I. Most casting applications had a sample statically tested
to ultimate load. No standard casting was used in any FPCS primary load
carrying member.

Forgings were designed to the requirements of MIL-P-7190, MIL-I-6868, MIL-A-
22771, 1IL-T-9047 and 4Q-A-367.

Discussion

this is a good requirement which has been satisfied by the C-5A control
system design and can be readily demonstrated. This requirement should be
specified for all future transport type aircraft.

Recommendation

Accept "as is."
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Require mnt

3.2.7.2.5 Lubrication. Whore applicable, lubrication fittings in acoordance
with KIL-F-3541, 1S15002-i and -2, cr NAS 516 shall be installed to provide
fur lubrication in accordance with NIL-3TD-838. NAS 516 fittings are restricted
to nonstreseed areas only.

Comparison

The C-tA flight control system components which were not lubricated with
hydra•lic fluid were otherwise lubricated in accordance with MIlS•D-838.
The 1-abrication fittings were in accordance with MfL-P-3541 and 14315001 and
were readily accessible for servicing and replacement. Where possible per-
maneatly luUricated and liner type bearings were used to reduze the periodic
servicing.

Discussion

This is a generally good requirement wich has been satisfied by the C-5A
control system design and can be re&dily demonstrated. This requirement
should be specified for all future transport type aircraft. It is recommended
that "nonstreased area" in the last sentence is really intended to be "low
stressed area."

Recomendation

Restate the last sentence of the requirement as follows:

"Nas 516 fittings are restricted to low stressed areas only."
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bequi rvment

",.2.7.' Electrical and Electronic Components. Electrical arnd electronic
components not covered by design requirements specified elsewhere within
this specification shall be designed in accordance with MIL-E-5400, MIL-E-
70W8, mIL,-TD-2 54, mlL-dTD-461, mIL-W-5088, MIL-M-7969, MII-8609, and
the following:

Comparison

This Is a general requirement and cannot be directly compared to the C-5A.
,l1 these specifications were imposed on the C-5A AFCS where they were
applicable. The C-5A meets the intent of this paragraph with the exception
that soldalese wrap wiring was authorized for internal wiring of computers
and panels.

Discussion

Two of the specifications listed in this requirement, MIL-E-5400 and
N.IL-E-7080, are general specifications and call out the other specifications
that are listed. MIL-E-5400 requires MIL-STD-454, MIL-STD-46i, MIL-W-5088,
l.IL-M-7969, and MIL-M-8609 to be met. MIL-E-7080 requires MIL-W-5088, MIL-
l.-7969 and MIL-M-8609 to be met.

The C-5A AFCS used solderless wrap wiring for chassis wiring of the auto-
pilot and WAS. This requirement as written does not authorize the use of
eolderless wire wrap end therefore is too strict.

This requirement, including all subparagraphs, could be interpreted as
pertaining only to components not covered elsewhere in this specification.
It j,, '-ecommended that the subparagraph requirements should pertain to all
KS electrical and electronic equipment. The requirement as revised below
is applicable to future transport aircraft with appropriate stringency and
compliance is easily demonstable.

Recommendation

A. Revise the requirement as follows:

"-3.2.7.3 Electrical and electronic components not covered by design
requirements specified elsewhere within this specification sh:Lll be
designed in accordance with MIL-E-5400, )ML-E-7080. All electrical
and electronic components that are part of the FMS shall meet the
following requirements (meaning requirements 3.2.7.3.1, 2, 3, 4, 5,
6, and 7)."
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.3. Add now requirement to this section as followas

"3.2T7.3.7 Solderless Wrap Wiring. Solderless wrap wirird, for internal
wiring of the computers/panels, shall coiform to MIL-3TD-1130 except
that insulated 30 AWO solid copper wire may be used. The cables and'
wire shall be adequately supported and the insulation shall urqt the
temperature requirements as specified in MIL-W-5088. The Insuition
at the terminal pe.t, shall have a cutting quality at the term.nl
of a minimzrum of 400 grins. 'tested at 500 volts."

Additional Data (For "Users' Quide")

The C-5A uses solderless wrap wiring for chassis wiring of the autoplIc.,
SAS and ALCD. No major problems have occurred due to the use of wirauz:,n.
This type of construction should be considered for production on AFCS computersdue to the fact that computer controlled wiring can be used for construction.
Care should be exercised in th. quality control, and sufficient qualification
testing should be performed to insure compatibility with the proposed aircraft.
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ReQuiremint

3.2.7.3.1 Dielectric Strength. leakage current 6.All not exceed 10 milli-
amps when a dielectric stress voltage of 1,200 volts, 60 Hz, is applied for
1 minute between insulated circuits and between circuits and case; and there
shall bo no insulation breakdown. When 500V DC is applied between isolated
circuits and the case or connector shell for a period of 10 seconds, the
resistance shall be at least 50 megohms. When a component or connector has
a lower design voltage limitation, the test shall be run at an appropriate
lower voltage as defined by the component specification.

Comparison

Electrical and electronic components of the C-5A FCS were subjected to
insulation dielectric tests related to their usage.

The APCS components were subjected to the following test:

Insulation Dielectric

The device as assembled for air vehicle use; i.e., all cards and covers
installed, shall have 500V DC applied between each external pin and the
chassis for pins not having a circuit to the chassis, and between cir-
cuits isolated from each other and the chassis. The insulation resis-
tance in each case shall not be less than 100 megohms.

The flight director computer was subjected to the dielectric tests of TSO-
C52a which included overpotential and insulation resistance tests. TSO-
C52a requirements are as follows:

6.1 Dielectric. Each instrunent shall be tested by tho methods of
inspection listed in Paragraph 6.1.1 and 6.1.2.

6.1 .1 Insulation Resistance. The insulation resistance measured at
200 volts DC for five seconds between all electrical circuits connected
together and the metallic case shall not be less than 5 megohmes. Insu-
lation resistance measurements shall not be made to circuits where the
'potential will appear across elements such as windings, resistors, capa-
citors, etc., since this measurement is intended only to letermine ade-
quacy of insulation.

6.1.2 Overpotential Tests. Equierent shall not be damaged by the
application of a test potential between electrical circuits, and
between electrical circuits and the metallic case. The tert potential
shall be a sinusoidal voltage of a oommercial frequency with the RS
value of five times the maxeizm circuit voltage or per Paragraphs
6.1.2.1 or 6.1.2.2 whichever applies. The potential shall start from
zero and be increased at a uniform rate to its test value. It shall
be maintained at this value for five seconds, and then reduced at a
uniform rate to zero.



Since these tests are intended to assure proper electrical insulation
of the circuit ,oomponents in question, these tests shall not be applied
to circuits where the potential will rppear across elements such as
windings, resistors, capacitors, etc.

6,1.2.1 Hermetically sealed instrumens shall be tented at 200 volts
pis.

6.1.2.2 Circuits that operate at potentials below 15 volts are nct
to be subjected to overpotential tests.

The electrical components installed on the C-5A hydraulic servo-actuators
were subjected to a different dielectric test than were ths electronic com-
ponents. This was done because of their construction and location. The
C-5A hydraulic servo-actuator electrical component te4t requirements are
as follows:

Insulation Dielectric Test. The umit shall be subjected to a high-
potential insulation test to determine compliance. The test voltage
shall be 1,500 volts, rms, for I minute or 1,800 volts, mis, for
a period of I second at coemerciai frequenciesý except that the low
power circuits, 50 volts or less, shall be subjected to a tect voltage
of 1,000 volts, rms, for a period of I minute or 1,250 volts, rms,
for a period of I second. Capacitors and electrical devices likely
to be damaged by application of these potentials may be disconnected.
However, prior to assembly, a test voltage of twice the maxinmu peak
voltage encountered &uring normal operating conditions or a minimum
of 100 volts, whichever is greater, shall be applied for a period of
.1 minute. There shall be no evidence of arc or insulation break-
down. These potentials shall be reduced by 25 percent for a second
or succeeding test on the same unit.

As a result of meeting the above requirement, it is believed that the C-5A
electrical components installed on hydraulic servo-actuators can meet this
MIL-P-9490D requirement.- Electronic components will meet the 500V DC
requirement, but it is felt tnat they would not meet the 1200 VAC require-
ment.

Discussion

This requirement is not applicable to all electrical and electronic FCS
components on existing and future aircraft. This requirement should take
into account the components usage, construction, and location. For example, a
computer located in the pressurized area need not be constructed to with-
stand 1200 VAC on its terminal as required by this paragraph. This would
impose an un:-ealistip requirement and increase complexity of future equipment.
The requirewent to use a 60 Hz test voltage is too restrictive since some
of the components are purchased outside of the United States where 60 Hz
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coaercial voltages may not exist and would require unneceheary purchase of
special test equipment to replace available comercial frequency equipment.

This requirement should be revised to be a general requirement that oovers
future aircraft as well as taking into account differences between electri-
cal and electronic flight control components. This new requirement should
take into consideration the dielectric strength requirements of )41L-P-9490C,
PAL TSO's, and this requirement. The MIL-P-9490C requirement is given below
for reference and the TSO requirement is given in the comparison paragraph
of this evaluation.

•I•-P-9490C Requirement:

4 .1.3.6.2 Dielectric Strength. Each circuit of electrical and electro-
nic components sh.ll be subjected to a tent equivalent to the applica-
tion of a root mean square test voltage of three times the maxim= (but
not less than 50OV) surge dc, or maxim= surge peak ac, voltage to
which the circuit will be subjected under service conditions. The
test voltage shall be of commercial frequency and shall be applied
between ungrounded terminals and ground, and between terminals insu-
lated from each other, for a period of 1 minute. Tests shall be
accomplished at normal ground barometric pressure. No breakdown in
insulation or air gap shall occur. Circuits containing capacitors

or other similar electronic parts which may be subject to damage by
application of the above voltages shall be subjected to twice the
surge peak (but no less than IOOV) operating voltage for the specified
period. If the maxid= peak operating voltage is greater than 700V,
the rms volue of the test voltage shall be 1050V greater than 1 .5
times the maximn peak operating voltage. Electrical and electronic
components shall also be tested for resistance to air gap breakdown
at the maxizmu altitude specified in the altitude test.

Recotendation

Revise the requirement as follows:

"3.2.7.3.1 Dielectric. The insuJLatiin selected and used to isolate
all current-carrying element from eaca other end the case of the unit
shall be such as to vithstand all orlyating voltages encountered in
service while installed in the air vehicle. The requirement of Pars-
graphs 3.2.7.3.1.1 and 3.2.7.3.1.2 shall be met,"

Add:

"3.2.7.3.1.1 Insulation Resistance. Each circuit of electrical and

electronic cnmponents shall be sutjected to test voltage of not legs
than 500 VDC. Voltage is to be appliecL between isolated circuits and

the case or connector shell for a period of 10 c-conrqa The insulation
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resistanee shall not be less than 50 megohms and there shall be no
evidence of breakdown in insulation. Inoulation resistance measure-
mente shall not be made to circuits where the potential will appear
across elements such as windings, resistors, capacitors, etc. Where
easily removable elements are involved, such as plug-in modules, they
shall be removed prior to the individual circuit test.

"3.2.7.3.1.2 OverpotAntial Tests. Blectrical and electronic compo-
nents shall be subjected to a test potential between isolated circuits
and between circuits and the case or connector shell. The test poten-
tial shall be a sinusoidal voltage of a comercial frequency with a
root mean square (rma) value of five times the mai.na surge peak
voltage. The voltage shall be applied five seconds for electronic
aoonents and one minute for electrical components and then reduced
at a uniform rate to zero. In the case of electrical components, the
mi-ni, test voltage shall be 1000 volts rus. During the test the
leakage current shall not exceed 10 milliampe and no dam•n e shall occur.
Hermetically sealed units shall be teste• at 200 volts rus and circuits
that operate at potentials below 15 volts are not to be subjected to
overpotential tests. This test shall not be applied to circuits wdhere
the potential will appear across elements such as windings, resistors,
capacitors, etc. Where easily removable elements are involved, such
as plug-in modules, they a'-l be removed prior to the individual
circuit test."
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.. 2.7.3.2 ?'Acroclectronics. When used, microelectronic devices shall con-
±orm to the provisions of MIL-.-38510.

Comparison

1-icroelectronic devices and circuits were used in the C-5A APCS. The
Lockheed procurement specification stated, "Microelectronic and integrated
circuits shall be used throughout the construction of the equipment where
reliability and maintainability characteristics are enhanced and system
performance characteristics are not degraded. The use of microelectronics
and integrated circuits shall be limited to multiple usage items and low-
cost, throw-away units and shall provide Justification for such recommenda-
tions made." The C-5A vendors were required to meet the system or LRU
performance and qualification requirements for all parts installed. It is
unknown whether all the microcircuita used were designed to meet MIL-M-38510.

Discussion

This is a good requirement and the C-5A would probably meet the intent of
1IJL- 4-38510. A rewording of this requirement is required since the specifi-
cation, KIL-M-38510, covers microcircuits and does not cover microelectronic
devices in a general manner. This could be misunderstood to allcw only the
use of microcircuits per MIL-M-38510.

Recommendation

Revise the requirement as follows:

"3.2.7.3.2 Microelectronics. When used, microcircuits used in micro-
electronic devices shall conform to the provisions of MKL-M4-38510."
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Requrement

3.2.7.3.3 Burn-In. All electronic IRU's shall receive a minimu of 50
hours burn-in operation and teeting prior to assembly, or after assembly

if such is more meaningful, prior to installation. Performance after bur-

in shall be within specified tolerances.

Coprson

The C-5A originally required the AFCS vendor to perform to Reliability

Production Acceptance Requirements which required that the first 20 systems

be subjected to 70 hours each of burn-in testing fcr a total of 1 ,40 hours.

This testing was to include functional cycling with concurreut vibration

and temperature cycling. Because of development changes encountered during

the reliability demonstration testing, the C-5A AFCS requirement was changed

to 168 hours of burn-in testing on each LHU.

The C-5A meets this requirement.

Discussion

This requirement can be misinterpreted to include preliminary acceptance

testing as part of the 50 hour minimum burn-in. From experience, we have

found that the first production units will have the most failures and take

the most time to pass the acceptance test procedure,, This time will be
reduced as changes are made and the acceptance test procedure modified.

S.ven if automatic acceptance testing is to be used, which is usually not per-
fected until the first production run is completed, the acceptance test time

on the first complicated LRIU's could exceed the basic 50 hours.

.The last sentence of this requirement leaves a question as to what the
specified to.erances are. All LRU's that are subjected to burn-in testing

3hould meet the normal acceptance test procedure.

The C-ýA will meet this requirement with the -ecommended changes.

Recomaendation

Revise the requirement as follows:

"3.2.7.3.3 Burn-in. All electronic UIU's shall receive a minimum
of 50 hours burn-in testing prior to installation and' after original

acceptance testing. Performance after burn-in shall meet the normal

ATP requirements."

A•tonal Data (For "Users' Guide")

The sentence indicated by the left vertical sideline should be added to the

background information and "Users' Guide."
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leiQuirement

ý.2.7.3.4 Switches. The design of special electric/mechanical switches,
other than toggle switches, shall be subject to the approval of the pro-
curing activity.

Comparison

The C-5A uses push button as well as toggle and rotary suitches. All these
are state-of-the-art designs and are not considered to be special electric/
mechanical switches.

The C-5kA meets this requirement.

Discussion,

This requirement is considered to be too lenient by excluding special toggle
switches from being approved. There are many types of toggle switches
available today which are capable of being used in the FCS. It is felt
that if a special design of a toggle switch is required then that design
should be approved by the procuring activity.

This requirement as modified is appropriate for future aircraft.

Recowmendation

Revise the requirement as follows:

"3.2.7.3.4 Special Switches. The design of special electric/mechanical
switches shall be subject to the approval of the procuring activity."
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RequIreent

3.2.7.3.5 Thermal Design of Electrical ar! Electroniio NQUIEnt. Wherever

feasible, components shall be designed wita heat-dissipatijr efficiency ade-

quate to allow simple conductive, radiation, and free convection cooling

utilizing the ambient heat sink to maintain the components within their

permissible operating temperature limits. Operation under specified condi-

tions shall not result in damagc or impairment of component performance.

Comparison

The C-5A electrical and electronic IRU's were designed for free convection

cooling. For example, due to the location of a control panel in a stagnant

area, a fan was added to the unit to reduce the temperature of the push button

switches on the front panel.

Discussion

This requirement is considered appropriate and well stated and is appropriate

for future aircraft.

Recommndation

Retain the requiroment as stated.

Requirement

).2.7.3.6 Potentiometers. Resiitive variable voltage dividers shall not
be used in dynamic motion applications such as sensor outputs or feedback
output devices without specific approval by the procuring agency.

Comparison

The C-5A utilizes Linear Variable Differential Transformed (LyMr) in the
flight control power units for stability augmentation feedback. The auto-

pilot servos use synchros for position feedback. The C-5A meets the intent

of this paragraph by not using potentiometers in AFCS dynamic -lotion appli-
cations.

Discussion

This is a good requirement and is applicable for future transport aircraft.

Recommendation

Retain the requirement as stated.
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hequiresent

;.2.8 Component Fabrication. The selection and treatment of materials
processing and assembly may be in accordance with established contractor
techniques in lieu of the following requirements, upon approval by the
procuring activity.

5.2.8.1 Materials. When Government specifications exist for the type
material being used, the materials shall conform to these specifications.
lionspecification materials may be used if it is shown that they are more
suitable for the purpose than specification materials. These materials
shall have no adverse effect upon the health of personnel when used for
their intended purposes. This requirement shall be met for all' probable
failure modes and in the required environments.

5.2.8.1.1 Me etals used in flight control system components shall
be selected in accordance with the criteria and requirements specified in
&FSC Design Handbook DH 1-2, Design Note DN 7AI, Metals.

5.2.8.1.P Nonmetallic Materials. Nonmetallic materials, shall conform
to the requirements specified in AFSC Design Handbook DH 1-2, Design Note
,N 7A, Nonmetals.

Comparison

.p.2.8 Component Fabrication. The C-5A'FCS producibility (fabrication)
considerations, as established by CEI Cw 0002-IA, were an integral part
of the design development of the air vehicle. The functional systems Pro-
duction breakdown provided for the maxim=m efficiency for the established
production rates. The basic design minimized the requirements for new or
high skill levels, special training, complex preventive and corrective
maintenance techniques, special ground support (AGE) equipment, and special
tools. Value Engineering guidelines in accordance with MIL-V-38352 and
approved Lockheed manufacturing process specifications were adhered to.

The FCS design considered the capability of personnel and equipment available
for procurement and fabrication that permitted a high quality of workmanship.
All fabrication was subject to inspection by the cognizant company and
government designated inspection activities. All fabrication was controlled
by the contractor's design specifications, drawings, process specifications,
standards, and quality assurance controls to meet the objectives of the air
vehicle design.

3.2.8.1 Materials.
3.2.8.1.1 Mýetals.
3.2.8.1.2 Nonmetallic Materials. The C-5A FCS used standard, prover and
economical parts, materials, and processes to the maximum extent; consistent
with the reliability, maintainability, and performance requirements of the
KFCS specifications.

haw materials were procured on the basis of military specifications (as a
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first preference) and approved commercial and company material and procesE
bpecifications used in an order of selection which follows MIL-STD-143.
Hestricted use of special materials and products was determined by coqt
effective trade studies which considered the functional requirements, weight
and detail design requirements. The selection of metals used the gulde-
lines and mechanical properties as defined in MIL-Handbook-5 except for
certain approved non-military specifications. Standard metals were ustd
wiere practical and any special metals used were selected by cost effective
trade studies which included considerations of cost, weight, delivery ache-
dule, reliability, structural integrity and endurance life. Special appro-
val was required for use of steels heat treated above 220 ksi and the use
of nsw "Super Alloys."

Nonmetallic materials used in the FCS design included elastomeric materials,
plastics, fiberglass, ceramics, lubricants, etc., selected from approved
material sources. In addition to the primary design requirements the non-
metallic materials had to show maximul resistance to ozone, fluid environ-
ment (i.e., hydraulic fluid) and general natural and induced environments,
i.e., temperature, hunidity, weathering, etc.

Discussion

The requirement for metal selection is not definitive enough and should
include the guidelines of MlL-Iianclbook-5. Otherwise, this is a valid
requirement which has been satisfied by the C-5A FCS design, can be demon-

strated and should be specified for all future transport type aircraft.

Recomnendation

Revise Paragraph 3.2.8.1.1, "Metals," as follows:

"Metals used in flight control system components shall be selected

in accordance with the criteria and requirements specified in MIL-
Handbook-5 and AFSC Design Handbook DHI-2, Design Note DN7AI, ýIetals."
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Reuirement

3.2.8.1.3 Electric wire and cable. Electrical wire cables containing up to
seven conductors shall be constructed in accordance with MIL-C-27500. Airframe
wire bundles may be constructed in accordance with contractor developed techdi-
ques provided such construction is approved by the procuring activity.

Comparison

The C-5A FCS electrical wiring and cable installations were designed to conform
to the requirements of NIL-W-5088 and CEI specification CP4OOO2-1A and
CP40002-6B. For applications below 600V for electrical subsystems and avionics
hookup wiring used the guide lines of KIL-C-27500 with the applicable wire and
cable specificat-.ons such as MIL-W-81044, MIL-W-22759, MIL-C-7078, etc. Appli-
cations were determined by the temperatures of the wiring environment. In
special high temperature application specifications were created by Lockheed
and approved by the Air Force.

Discussion

The C-5A FCS wiring meets this specification in that NI -C-27500 is a general
wire cable fpbrication specification. For applications of more than seven
conductors deviatIons to the basic requirement must be granted by the procuring
agency. The C-3A wiring application had authority to use more than seven con-
ductors if required.

This requirement can be demonstrated and should be specified for all future trans-
port type aircraft.

Recommendation

Retain the requirement as stated.
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3.2,8.2 Processes

ý.2.8.2.1 Construction Processes. Heat treating, adhesive bondings, welding,
brazing, soldering, plating, drilling, and grinding of high strength steels,
materials inspection, castings, forgings, sandwich assemblies, and stress
corrosion factors used in the fabrication of flight control system components
shall comply with the requirements specified in APSC Design Handbook Di 1-2,
Design Note DWBI, Construction.

Comparison

The FCJ components were fabricated using approved, proven, and controlled
processes which were clearly specified on all applicable drawings and fabri-
cation instructions. All applicable aonstruction processes were considered

as an integral function of FKS component design and fabrication as noted in
the validation discussions for Paragraphs 3.2.8, "'Component Fabrication,"
and 3.2.8.1, "Materials." Where applicable all processes were in accordance
with a military specification in addition to the company process specifica-
tions. Examples of the applicable military specifications were: MIL-H-6875
for heat treating steel, MTL-H-60 8 for heat treating aluminum, MIL-SrD-454
for soldering, lM-S-5002 plating, MIL-C-6021 for castings, MJL-F-7190,
PdL-I-6868 for forgings, and MIL-A-9067, MIL-A-25463, ?'JL-A-5090 for adhesive

bonding.

Discusaion

The specification can be interpreted to imply that the applicable- construc-
tion processes are limited to those listed. The specification should allow
the use of any applicable contractor approved process. This is a valid require-
ment which has been satisfied by the C-5A F'CS design, can be demonstrated, and
should be specified for all future transport type aircraft.

Recommendation

Revise the requirement as follows:

Add tLe following to clarify the requirement: "Applicable
construction processes may include contractor approved and
controlled processes already in use which satisfy the intent
of the requirement.
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Requirement

3.2.8.2.2 Corrosion Protection. All flight control system component parts,
except those inherently resistant to corrosion in the operational environ-
ments, shall be finished per AFSC Design Handbook DH 1-2, Design Note DN7B2,
Corrosion.

Comparison

Thle C-5A FCS elements and components were suitably finished so as to provide
protection from corrosion. The finishes and coatings used complied with the
requirements of MIL-F-7179, Type II, in addition to other more specific
application requirements. Metal surfaces w•.re treated to the requirements
of YMIL-S-5002 and provide adequate corrosion resistance.

Aluminum surfaces were anodize coated in accordance with MIL-A-8625. Steel
(noncorrosion resistant) components were cadmium-titanium (anodic) plated.
Cadmium plating was in accordance with QQ-P-416.

The use of dissimilar metals (as defined in MS33586) in direct contactwas
prohibited. If dissimilar metals were required to be joined, their faying
surfaces were adequately insulated to assure protection from eleitrolytic
corrosion. Sealing of dissimilar metals fay surfaces was accomplished with
1MJL-S-8802 sealant or eq'ivalent.

All permanently installed fasteners penetrating areas subject to corrosive
conditions were wet installed with an applicable corrosion inhibitor.
Drainage holes were provided where pactical to prevent entrapment of water.

Discussion

This is a valid requirement which has been satisfied by the X-5A FS design;
it can be demonstrated and should be specified for all future transport
type aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.2.a.2.3 Fabrication of electrical and electronic components. The applicable
requirements in AFSC Design Handbook DH 1-6, Design Note DN3H1, Electrical/
Electronic Safety Design Considerations, relating to the fabrication of elec-
trical and electronic components shall be met.

Comparison

The C-5A IFCS electrical and electronic components materials, parts, and processes
were designed to the fabrication requirements of the CEI specifications contained.
in CP40002 and applicable military specifications to the extent specified therein.
The applicable military specifications included MIL-E-5400 for electronic equip-
ment, MIL-E-25499 for electrical systems, and MIL-E-7080 for electrical equipment
for aircraft.

Design considerations included those referenced in AFSC Design Handbook DHI-6,
Design Note DN3H1 covering such areas as material selection, fabrication, main-
tenance, environmental considerations, etc. Included were detail considerations
such a lightening protection, electrical bonding, grounding, connections, terminal
blocks, receptacles, etc. Applicable construction processes such as referenced in
the validation discussion for paragraph 3.2.8.2.1 were used.

Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design and
should be specified for all future transport type aircraft. However, this require-
ment is listed under the heading of paragraph 3.2.8.2 'Processes' and since the
subject deals with 'Fabrication of electrical and electronic components', it should
be included under the heading of paragraph 3.2.8.3.3 'Assembly of Electronic Com-
ponents'.

Recommendation

Renumber the requirement as follows:

from 3.2.8.2.3

to 3.2.8.3.3.6
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Requirement

3.2.8.3 Assembling

3.2.80.1 Mechanical Joining. Individual parts may be mechanically joined
with removable fasteners, or by riveted or threaded connections, or by quali-
fied methods for permanent joining.

Comparison

The C-5A FCS elements ard components used approved mechanical joining tech-
niques which included removable fasteners, riveting and threaded connections.
Mechanical joining design was in accordance with CEI specification CP 4 0002-1A
using the guidelines of APSCF8O-1 and Lockheed standaid components and design
practices. Joining techniques were selected based on cost effective trade
studies considering the PC3 weight and performance goals. Emphasis was placed'
on using standard and conventional methods of joining structural applications
with primary considerations of stress distribution, fatigue, and stress
corrosion. Fasteners used on systems that may have affected safety of flight,
i.e., F-C, engine controls, etc., and all PCS elements using rotating joint*
incorporated a close tolerance bolt and a dual locking device consisting of
at least a self-locking cotter pinned castellated nut. Critical FCS joints
used a self-retaining bolt plus a self-locking cotter pinned castellated nut.
Examples include the input and feedback rods on the primary servo actuators.
Where practical, fasteners with a proven service life were used. All single
bolt connections in the PCS used bolts which were one-fourth inch diameter
or larger. All removable fasteners are positively retained; i.e., all nuts
are at least self-locking.

All PCS elements with adjustments have the adjusting featu. mechanically
retained; i.e., jam nuts may have a locking tab and/or are lock-wired.
Threaded joints are positively locked to prevent load reversal at the
threads and have adequate wrenching and holding provisions. Vinimum thread
engagements are marked by an inspection hole. Joining by ri-ets is used
on permanently attached components.

Discussion

This is a valid requirement which has been satisfied by the C..Ik iCS design
and can be readily demonstrated. This requirement should be .pecified for
all future transport type aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

.3.2.8.3.1.1 Joining with Removable PFsteners. All removable fasteners

shall be selected and used in accordance with the applicable requirements
specified in AFSC Design Handbook IH 1-2, Design Notes 4A1, General Require-

ments, 4A3, Bolts, Nuts, and Washers; 4A4, Screws; 4A5, Pins; and 4A6,

Other Fasteners except as follows:

a. Bolts smaller than IA. inch in diameter shall not be used to make single-

bolt connections or connealons essential to proper functioning of the com-

ponent.

b. Each removable bolt, screw, nut, pin, or other removable fastener, the

loss of which would degrade operation below FCS Operational State III, shall

incorporate two separate locking or retention devices either of which must

be capable of preventing lose of the fastener by itself and retain it in its

proper installation with the oter locking or retention device missing, failed,

or malfunctioning. Wheie self-reta:4 ning bolts are used, their selection and

installation shall be within the limitations of MS33602, and only one type

shall be used in any given system.

c. No self-locking nut may be used on any bolt subject to rotation in

operation unless a nonfriction locking device is used in addition to self-

locking device.

d. Lockbolts listed in AFSC Handbook DH 1-2, Design Note 4A5, Swaged-Collar-
Headed Straight Pins and Collars, may be used for fastening applications not

requiring removal on the aircraft.

Comparison

The C-5A PCS removable fasteners were selected and used in accordance with
the system functional requirements, standard industry practices, AFSCM80-1

handbook practices and the general mechanical joining practices noted in the
validation discussion for Paragraph 3.2.8.3.1. Tne fasteners were chosen

to resist vibration ar.d acoustic forces. The fasteners used were predomi-

nantly military specification standard parts with emphasis on minimizing the

number of sizes and types. The fasteners incorporated corrosion protection

practices, such aL surface finishes in accordance with MIL-F-7179, minimum

use of dissimilar metals in accordance with MIL-STD-889, Cadmium plating

per Q"-P-416, etc.

Fasteners were never designed to be subjected to the fully rated tensile

and shear load simultaneously. Threaded fasteners were designed to never
impose any appreciable bearing loads on the threads.

Screw thread inserts were never used in a primary load application. Self-
tapping screw inserts were not used. Fasteners were design-4 to the allow-

able load margins in MIL-Randbook-5.

Close tolerance fasteners were used in applications subject to high shear
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load@, load reversals, and to reduce system free play. Where possible the
design practice of installing bolt heads up, forward and inboard was follcwed
to reduce the probability of falling out wten the retaining nut was not in
place. Removable fasteners were located to allow easy access and removal for
maintenance where possible. Self-locking, castellated nuts are used on all
bolts which are used as a rotating joint and which 'ay affect safety of flight,
as noted in validation discussion for Paragraph 3.2.8.3.1. Castellated nuts
use cotter pins per MS24665. Safety wiring of fasteners was in accordance
with 14$33540. Threaded fasteners that carry a structural load and that are
used to join two or more components shall be the bolt-thru type secured at
the threaded end by a safety nut.

On any pivot fastener, the threaded portion was not subjected to any appre-
ciable bearing load and was designed to prevent loss of the locking feature
from rotation.

All single bolt connections were one-fourth inch dia.eter or larger.

Plain washers were used in most removable bolt applications to protect the
surface from injury and to reduce the stress of the joint by increasing the
bearing area.

Fastener threads in high strength steel parts were in accordance with MIL-S-
8879; most other threads were in accordance with MIL-S-7742.

Discussion

This is a valid requirement which has been satisfied by the C-5A PCS design;
it can be demonstrated and should be specified for all future transport type
aircraft.

Recomendatior.

Retain the requirement as stated.
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Requirement

3.2.8.3.1.2 Joining with Rivets. Rivets for all rivetel joints shall be
selected and used in accordance with the requirements cpecified in AFSC
Design Handbook DR 1-2, Design Note 4A2, Rivets.

The use of rivets for 7CS components was limited and generally applied to
permanently attached components. Special rivets were used as shear Joints
on certain ?CS interconnecting rods as shown in Figure 3 (3.2.3.2.5). All
rivet Joints were in accordance with the allowable loads. specified in MIL-
Handbook-5 for the material used. Rivets were selected and used in accord-
ance with the applicable standard practices defined in the validation dis-
cussions for Paragraphs 3.2.8.3.1 and 3.2.8.3.1.1.

Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design;
it can be demonstrated, and should be specified for hll future transport
type aircraft.

Recommendation

Retain the requirement as stated.
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ReQuirement

3.2.8.3.1.3 Threaded Joints. All threaded joints shall be provided with
adequate wrenching and holding provisions for assembly and disassembly of
the joint before and after service use. Internal screw threads and external
rolled threads shall be in accordance with the thread form requirements of
MIL-S-8879. Pipe threads shall not be used.

Comparison

The FCS threaded joints have adjustment features that are mechanically

retained; i.e., jam nuts have a locking tab and/or are lockwired. The
threaded joints are positively locked to prevent load reversal at the threads
and have adequate wrenching and holding provisions for assembly and disassfm-

bly of the joint before and after service use.

Pigure No. 3 (3.2.3.2.5) shows a typical rod end with adjustment and locking
features. Screw thread forms were in accordance with MIL-S-8879 requirements.
Pipe threads were not used in the FCS component design.

Discussion

This is a valid requirement which has been satisfied by the C-5A PCS design;
it can be demonstrated and should be specified for all future transport type
aircraft.

Rec orendation

Retain the requirement as stated.
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Requirement

3.2.8.3.2 Joint Retention. All adjoinJng parts shall be secured in a manner
that will preclude loosening when subjected to internal or external loads or
vibration.

3.2.8.3.2.1 Retention of Threaded Joints. All threaded Joints which carry
critical loads shall be positively locked in the assembled position so that
load reversal at the threads is prevented. The use of jam locknuts alone is
not a positive locking means unless lockwired or otherwise restrained.

3.2.8.3.2.2 Retention of Removable Fa3teners. Unless restrained from moving
by the attachment of adjoining parts, all removable fasteners shall be posi-
tively locked in place. Self-locking externally threaded fasteners shall
not be used except within the limitations specified in MS15981, and self-
locking nuts shall not be used except within the limitations specified in
MS35588. All other types shall incorporate positive locking means or be
safetied with cotter pins in accordance with M324665, where temperature and
strength permit, or be safety wired. Cotter pins and safety wiring shall
be installed in accordance with MS33540.

Comparison

All the C-5A PCS component assemblies and adjoining elements are retained
in a manner which precludes loosening when subjected to internal or external
loads or vibrations. Threaded Joints which carry critical loads are positively
locked to preclude load reversal at the threads. Figure No. 3 (3.2.3.2.5)
shows a typical actuator rod end locking device. A locking washer is mechan-
ically "keyed" to the actuator rod and rod end to prohibit rotation at the
threads. In applications where jam locknuts are used as a locking device
the jam nuts are safety wired together.

The retention of removable fasteners is discussed in the validation compari-
son for Paragraphs 3.2.8.3.1 and 3.2.8.3.1.1. All removable fasteners are
positively locked in place; i.e., bolts are retained by nuts which are at
least self-.ocking and in some applications a self-locking cotter pinned
castellated nut is used. Cotter pins are used in accordance with MS24665.
Safety wiring was accomplieLc~f. in accordance witi1 MS33540.

Discussion

This is a valid requirement khich has been satisfied by the C-5A PCS design,
can be demonstrated, and should be specified for all future transport type
ai rcraft.

Reeommendation

Retain the requirement as stated.
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Requirement

3.2.8.3.2.3 Use of Retainer Rings. Retainer rings shall not be used to
retain loaded parts unless the rings are positively confined by a means
other than depending on internal pressure or exteri.tl loads.,, They shall
not allow freeplay which could result in atructural4 destructive action
or fatigue failure of the retained parts or failure of gaskets or packing,.
Where used, retainer rings shall be coanercially available types which
can be installed and removed with standard tools.

Comparison

The C-5A ICS restricts the use of snap rings as follows.

Snap rings were not used in any application where improper installation
or dislocation of the ring would cause a malfunction or failure of the
unit. Snap rings were not used where the accumulation of tolerances would
allow destructive end play or loorseness. Snap rings were installed and
removed with standard pin-type tools. Spirall7 wound locking rings were
not jsed.,

Discuse kson

This is a valid requirement which has been satisfied by the C-5£ ft.J design,
can be demonstrated, and should be specified for all future transport type
aircraft.

Recomendation

Retain the requirement as stated.
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Requirement

3.2.8.3.3 Assembly of Electronic Components

3.2.3.3.3.1 Electrical and electronic part mounting. Zlectronic parts shall
be i.ounted so that ease of producibility and maintainability is assured. Unea-
ever fess:.lhe, parts such as resistors, capacitors, etc. shall be mounted in an
even, rehelar, row-type arrangement. These parts shall be mounTed on a base so
thea the leads du not cross other leads or connections. Heavy electronic parts
and assemblies shall be solidly mounted so that adverse effects when subjected
to vibration and shock are minimized.

Comparison

Tie C-5A ,'S electrical and electronic parts were mounted in accordance with the
installation requirenents specified in CEI CP40002-6E. The applicable installs-
tior specifications included ML-Sf--7U4, fIIL-E-7080, MIL-E-25499, MIL-I-8700 in
add tion to otner CEI and systeiis specifications. The electrical and electronic
systems used in the primary flitht control systems, except for the power source,
were desi,-ned with the objective of having no interconnection with any other
electrical system. All electrical and electronic parts were mounted to provide
easy access and maintainability. The mounting of small components such as
resistors, capacitors, or terminals were arranged in een, regular rows and
arran.;ed on a base such that the interconnecting leads did not cross over other
leads or terminal connections.

All equipment was mounted to minimize the effects of vibration, scceleratic,
shock and all other adverse effects of induced and natural. environments.

Discussion

This is a valid requirement whioh has been satisfied by the C-5A FCS design.
The requirement can be demonstrated and should be specified for all future
transport type aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.2.8.3.3.2 Shielding and bonding on finished surfaces. Nonconductive oxides or
other nonconductive finishes shall be removed from the actual contact area of all
surfaces required to act as a path for electric current and from local areas to
provide continuity of electrical shielding or bonding. All mating surfaces shall
be clean and shall be ca-efully fitted, as necessary, to minimize radio frequency
impedance at joints, seams, and mating surfaces. The resultant exposed areas,
after assembly at such joints or spots, shall be kept to a minimum.

Comparison

The C-5A electrical shielding and bonding was accomplished by methods defined by
Lockheed process bulletins. The process required that all non-conducting coatings,
films, and finishes be removed from the faying surfaces for all bonding straps,
jumpers, ground wire terminations and bonds between two metal parts. The cleaned
area did not permit the introduction of any corrosive agent and it provided e path
for electric current continuity for the required shielding or bonding. The resul-
tant assemblies exposed areas were minimized and chemically conversion coated for
subsequent refinishing. All mating surfaces were configured to minimize radio
frequency impedances.

Discussion

Ihis is a valid requirement which has been satisfied by the C-5A design. The
design can be demonstrated and should be specified for all future transport type
aircraft.

Recommendation

Retain the requirement as stated.
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Reqg'irement

3.2.8.3.3.3 Isolation of redundant circuits. Redundant circuits shall be
isolated from each other to preclude failure of one portion of the circuit
from affectine any other circit.

Comparison

The C-5A FCS electrical signal transmission was designed to the criteria goals
of IIL-W.-5088 and as defined in CEI specification CP40002, which in general
were more stringent than the military specifications. The intent of these
requirements was to guard against the susceptibility to sincle or multiple
failures in the transmission signal paths. The FCS circuit wiring was designed
to the desigL goal that redundant circuits be isolated physically and electri-
cally such that a single failure would not cause the loss of both systems.
Wires and cables were routed for maximum reliability and minimum interference
and coupling between systems. Cables and junctions were identified in accord-
ance with standard techniques and utilized dissimilar or "keyed" connections
to assure separation and prevent cross connections of adjacent connecticns.

Discussion

The C-5A FCS wiring complies with the intent of this requirement as a design
goal where it could be practically achieved on the redundant circuit of the
SAS system, such that at least partial compliance was adhered to. However,
the critical nature of this system was considered from the standpoint of failure
modes.

The requirement can be demonstrated and should be applicable to all future trans-
port type aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

3.2.8.3.3.4 Electrical Connector Installation. The number of electrical
connectors shall be kept to a minimum within the required limitatiorns for
separation of redundant circuits. Connectors shall be mounted to preclude
nuisance warning indications and intermittent operation *&en subjected to
applicable temperature differentials, vibration, and shock. They shall be
polarized so that it is impossible to mismate them on a particular piece of
equipment.

Comparison

The C-5A FCS electrical connector selection and installation followed the
basic requirements dictated by specifications such as MIL-E-5400 and MIL-E-
7080 as noted in the validation discussions for Paragraphs 3.2.7.3, 3.2.8.3.3.1
and 3.2.9.4 for electrical and electronic components and installations. The
number of electrical connectors were kept to a minimum within the requirements
for isolation of redundant circuits as noted in the validation discussion for
Paragraph 3.2.8.3.3.3 and the requirements for harness installation, compo-
nent fabrication, and maintainability. All connectors were selected and
mounted to comply with the applicable natural and induced environment nriteria.
All connectors were "keyed" to preclude the possibility of mismatch or cross
connection during installation.

Discussion

This is a valid requirement which has been satisfied by the C-5A FnS design.
The requirement can be demonstrated and should be specified for all future
transport type aircraft.

Recommendation

Retain the requirement as stated.
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hequirement

).2.8._3.3.5 Cleaning of Electrical Assemblies. All electrical assemblies
shall be thoroughly cleaned of loose, spattered, or excess solder, metal
chips, or other foreign material after assembly. Burrs, sharp edges and
resin flash shall be removed.

Comparison

The C-5A FCS components were fabricated using approved processes and fabri-
cation techniques as noted in the validation discussions for Paragraphs
3.2.8.2.1 "Construction Processes" and 3.2.8.2.3 "Fabrication of Electrical
and Electronic Components." Fabrication, process, and quality assura-ce
specifications required all electrical assemblies to be thoroughly cleaned
of excess solder, metal chips, and foreign material after assembly. Burrs,
sharp edges, and resin flash was removed as part of these fabrication tech-
nir4ues.

Discussion

This is a valid requirement which has been satisfied by the C-5A FIS design.
The requirement can be demonstrated and should be specified for all future
transport type aircraft.

Recommendation

Retain the requirement as stated.
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ReQuirement

3.2.9 Cowponent Instaalla+ion

3.2.9.1 Basic Requirements. Flight control system components shall be
installed in compliance with the applicable requirements specified in AFSC
Design Handbook DH 1-6, Section 3J, Flight Control Systems, including Design
bote'3JX, Safety Design Check List, and as specified herein.

Comparison

The C-5A FCS component installaticns were designed to meet CEI CP oo002-1A

and -6b and all related specification requirements therein. The bulk of

the installation requirements =ontaiz,"d in Paragraphs 3.2.1 "Pilot Controls
and Displays" and 3.2.6 "Actuation" were met as noted in their validation

discussions. In addition, FCS design practices the same as those required
.y AFSC Design Handbook DH 1-6, Section 3J, were followed as noted below.

Design guideline philosophies included the following:

"o The preclusion of FCS installations problems and hazards related

to adjacent systems and maintenance errors.

"o Design to minimize installation errors which could have resulted
in eqi'pment being incorrectly installed or failures resulting
therein, may have caused problems in adjacent as well as the

primary systems.

o Routing, separation, and installation of FCS components as noted

in the validation discussion for Paragraph 3.2.9.2 "Locating
Components."

o Redundancy and failure criteria design approaches and levels
determined on an individual basis within the flight envelope as

defined in the validation discussions for Paragraphs 1.2.2,

1--.5, and 3.1 .J.1

o The FKS components were designed to comply with the functional
requirements within V".e specified natural and induced environ-
ments; i.e., protection by surface treatment, component location,
etc.

o The KOS desiga achievea the functional characteristics required
to assure m~eting the reliability and maintainability require-

ments.

Other design considerations included:

o In addition to system redundancy, the PCS was provided with jam
override capability.

o The FCS design precluded cross connection of control elements.
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o The FCS design incorporated fouling prevention features; i.e.,
cable tension regulators for slack take-up, element guides,
etc.

o Proper selection of FCS components was assured on the basis of
their functional requirements.

o Redundant power control systems were provided such as the multiple
hydraulic systems to power the hydraulic servoactuators.

Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design,
can be demonstrated, and should be specified for all future transport type
aircraft.

Recommendati.:z

Retain the requirement as stated.
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Requirement

3.2.9.2 Locating Components. System components shall be located to pro-
vide direct routing of the control system signal and power transmission
elements (cables, rods, lines, wires, etc.) in accordance with Design Note
3J1, Routing and Separation, only t.) the extent that the components and
transmission elements are not exposed to undue hazards.

Comparison

In addition to the installation design guidelines outlined in the validation
discussion for Paragraph 3.2.9.1, ths following design guidelines were also
used. FCS element routing was determined to assure adequate uurestrained
motion envelopes, proper separation, most direct path, and minimal effect
from the induced environmental effects from adjacent systems.

Separation of redundant and adjacent systems was provided to insure safety
and survivability. Different hydrauilic systems, powered by diff-trent
engines, was provided for redundant hydraulic servoactuators. The normal
and emergency power systems have different power sources; i.e., engine
driven hydraulic pumps are backed up by a ram air turbine (RAT) driven
hydraulic pump.

Other component installation considerations included mounting provisions
to orient their position. Adequate spacing between FCS elements and adja-
cent structure or equipment was provided to insure that structural failure
or buckling did not create binding or a hazard. The designs provided pro-
tection from jamming or fouling from dropped or loose articles.

Suitable drainage was provided for unwanted fluid accumulation.

Maximum separation was provided between fluid (hydraulic) lines, electrical
wiring and equipment, oxygen lines, etc. Adequate access was provided for
maintenance.

Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design,
can be demonstrated in non-quantitative terms, and should be specified for
all future transport type aircraft.

Recoamendation

Retain the requirement as stated.



doquirement

5.2.9.3 Installation in Fuel System Areas. All component installations
in fuel system areas shall preclude the generation of sparks both during
normal operations and possible abnormal and failure conditions.

Comparison

There are no FCS components located in a fuel system area, which could
generate sparka. The closest FCS installation adjacent to a fuel system
area is the mechanically actuated leading edge slat screw jacks ;ahich are
mounted from brackets on the wing box front beam.

Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design,
can be demonstrated, and should be specified for all future transport type
aircraft.

Recommendation

Retain the requirement as stated,

Requi rement

3.2.9.4 Elect,'ical and Electronic Component Installation. In addition to
the requi.,ements specified in AFSC Design Handbook DH 1-6, Section 3J, the
applicable requirements in Design Notes DN 3H1, Llectrical/Electronic Safety
Design Considerations anc DN 3H2, Installation Safety Objectives, shall be
met.

Comparison.

The C-5A electrical and electronic flight control systems were installed in
accordance with the applicable portions of i.IL-STD-704, MIL-E-7080, P!L-h;-
25499, MIL-I-8700 and many more military specifications. Throughout the
C-5A C'CS specification, Cp 40002-6B, there are many specific requirements
that can be equated to this paragraph of MIL-F-9490D. The C-5A meets the
intent of this requiremert.

Discussion

The requirement is reasonable, desirable and applicable to future aircraft.

Recommendation

Retain the requirement as stated.
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Requirement.

3.2.9.5 Electrical and Electronic Equipment Cooling. If cooling augmenta-
tion is required, the installation of flight control electrical and electronic
equipment colling shall be integrated with the cooling provisions for other
electrical and electronic equipment. The requirements specified in AFSC
Design Handbook MI 1-6, DN 3H1, Temperature shall be met.

Electrical and electronic flight control equipment on the C-5A were desighed
for free convection cooling. Only the Automatic Flight Control Panel required
a fan to be added to reduce the panel temperature. The C-5A meets the intent
of this requirement.

Discussion

This requirement is reasonable, desirable, and applicable to future air-
craft.

Rec oaendation

Retain the requirement as stated.

4



Requirements - Not applicable

3.3 Rotary Wing Performance and Design

3.3.1 Special MFCS Performance Requirements

3.3.2 Special AFCS Performance

3.3.2.1 Attitude Hold (Pitch, Roll and Yaw)

3.3.2.2 Heading Hold and Heading Select

3.3.2.3 Altitude Hold

3.3.2.3.1 Barometric Altitude Stabilization

3.3.2.3.2 Stabilization of Altitude Above the Terrain

3.3.2.4 Hover Hold

3.3.2.5 Vernier Control for Hovering

3.3.2.6 Groundspeed Hold

3.3.3 Special Design RequirementS

3.3.3.1 WCVS Design

3.3.3.1.1 Control Feedback

3.3.3.1.2 Peel Augmentation

3.3.3.2 AFCS Design

3.3.3.3 Swashplate Power Actuators

3.3.3.3.1 Redundancy

3.3.3.3.2 Jamming

3.3.3.3.3 Frequency Response

3.3.3.4 Actuation Stiffness

3.3.3.5 Fatigue Life Design

3.3.3.5.1 Ptil-safe

3.3.3.5.2 Display

3.3.3.6 Built-in-Test
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Requirement

S~~4. qUAmyT ASSiutNC

4.1 General Requirements

4.1.1 Methods for Demonstration of Compliance. Flight Control system com-
pliance with each of the applicable design requirements of this specification
or the FCS specification definea by 4.4.2 shall be verified using one or more
of the following methods. Except where a specific method is required, selec-
tion of the method of proof shall be made by the contractor subject to con-
currence of the procuring activity.

14.1.1.1 Analysis. Compliance with requirements in cases where testing or
inspection would be hazardous or otherwise impractical may be verified through
analyses. These analyses may be linear or nonlinear and may include piloted
and nonpiloted simulations, as defined by the FCS development plan.

41 .1 .2 Inspection. Compliance with requirements associated with referenced

component specifications, the physical arrangement of parts, or the physical
relationship of parts shall be verified by inspection of documentation or
inspection of the physical instaJlation. Documentation may include documents
showing the qualification status of components which have been qualified to
the requirements specifications, or drawings showing clearances or other physi-
cal relationships. The FCS development plan shall define those requirements
to be verified through inspection. Unless otherwise specified in the contract
or purchase order, the supplier is responsible for the performance of all
inspection requireLents as specified herein. Except as otherwise specified
in the contract or order, the supplier may use his own or any other facilities
suitable for the performance of the inspection requirements specified herein.
The Government reserves the -ight to perform any of the inspections set forth
in the specification where such inspections are deemed necessary to assure
supplies and services conform to prescribed requirements.

14.1.1.3 Teet. To the maximum extent feasible, compliance with the quanti-
tative requirements of the FCS specification shall be demonstrated by tests.
Tests sh.11 include the laboratory, airplane ground and flight tests defined
in the FCS development plan.

Comparison

For the C-5A aircraft, the FCS specification defined in Paragraph 4.4.2
is the CEI Detail Specification CP 40002-6B. Paragraph 4.1 .3 of CP 40002-6B
specifies that formal qualification demonstration be accomplished in accord-
ance with PAA TSO-C9C and MIL-F-9490 as applicable. The subparagraphs which
follow in the CEI specification specifically list which requirements in the
design specification shall be qualified by inspection, analyses, demonstra-

tion and testing. The specification further delineates the exact procedures

to be followed in testing compliance.
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Discussion

The intent of this set of requirements is to allow the contractor to demon-
strate compliance of the FCS with the specifications of this docunent in
an optimum way as chosen by the contractor. Testing is the preferred method
for demonstrating compliance, but it is not always optimum or even practical
from cost and safety aspects. The inspection method offers the best means
of compliance demonstration in cases of subsystems previously qualified to
a detail specification and in cases of physical layout or characteristics
which require visual observation. Analysis also has its place in compliance
demonstration and it is employed effectively to reduce costs of showing com-
pliance. In areas which would be too expensive or hazardous to demonstrate
by testing, analysis is clearly the choi e. Examples of areas where analysis
is used extensively and effectively include structural load paths for flight
controls components~reliability and failure e.'alyses, turbulence response
studies, and stability analysis. The requirements provide the contractor
with the option of choosing which method or combination of methods is most
suitable for evaluating compliance of his specific design with the require-
ments.

These requirements, which are appli able to the C-5& aircraft, are applicable
to the design of future transport aircraft. The paragraphs are appropriate
for their purpose as discussed above and r:eed no changes.

Recomnendation

Accept the requirement "as is."

S~409



Requirement

4.2 Analysis requirements. Where compliance with specification requirements
through analytical predictions is used, the contractor shall define the major

assumptions and approximations used and verify that the modeling and analysis
procedures used are conservative. Verification shall normally require prior
lise and validation through comparison with flight, wind turnel or ground test-
ing data. In all cases the contractor shall establish tolerances on analytical
predictions used to demonstrate compliance with specification requirements.
These tolerances shall reflect anticipated variations in system or component
characteristics such as:
a. Parameters that change with temperature, atmospheric pressure and other

environmental factors.

b. Parameters that change with failuras or manufacturing tolerances.

c. Parameters that critically affect system performance or stability.

d. Parameters that are not accurately known (if they are significant).

e. Parameters that change as a result of aging or wear.

Comparison

The C-5A FCS CEI specifications required quality assurance confirmation of
specification requirements through analysis techniques in addition to inspec-
tion, test, and demonstration as noted in the validation discussion of pars-
grsPl; 4.1.1 'Ilethods for Demonstration of Compliance'. The requirements to
demonstrate compliance by analysis was established consideringr reduced costs,
iupracticality, end areas otherwise too hazardous to show compliance. In some
areas of compliance verification one or more of the other methods mentioned
above were used in conjunction with the analysis. Examples of areas where
analysis was used to show specification compliance included'-

- FC3 structural load paths and stress analysis.

- Haintsinability and maintenance repair cycles.

- Primary, secondary, and automatic (including SAS)
rC5 specification compliance.

-Reliability

- Flight, ground, nuclear, and personnel safety.

- Pailure effect analysis including Dower failure.
- Haman performance.

S'alue engineering.
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The analysis tool was used extensively to derive parameters or data which
were used in design areas which may have been used to establish basic cri-
teria. Examples of these applications would include turbulence response
studies and servo actuator stability analysis. Other examples are the C-5A
flight simulation studies used during the design and development of the FCS
which utilized math modelled parameters derived from analytical data and pro-
cedures.

All the FCS subsystem and component level analyses were required to verify
compliance with such parameters as hydraulic servo actuator characteristics
such as control valve pressure and flow metering, seals, and special mate-
rials properties and processing.

The basic analysis parameters utilized data which were known from previous air-
frame industry history and previous analysis or were derived from flight test,
simulation, wind tunnel test, etc. The major assumptions and approximations
were defined. Every reasonable effort was made to keep the modelling and
analysis procedures conservative. The analysis tolerances were established
to reflect anticipated variations in the system parameters.

Analysis parameters reflected residual influences. For example, the vibra-
tion analysis considered the environmental and operational effects on the
aircraft such as altitude, speed, temperature, atmospheric pressure, etc.
Other analysis parameter considerations were syJtem failures, wear, perform-
ance, etc.

Discussion

This is a valid requirement which has been satisfied by the C-5A 7C3 design.
The requirement can be demonstrated in non-quantitative terms and should be
specified for all. future transport aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

4.2.1 Piloted Simulations. Piloted simulations shall be performed during
PCS development. As a mirnmum, the following simulations shall be accom-
plished:

a. Piloted simulations using computer simulation of the FtS prior to
hardware availability.

b. Piloted simulations using actual FCS hardware prior to first flight.

Comparison

Development of the C-5A flight control systems included computerized simu-
lations of the systems prior to hardware availability. The systems math
modelled were longitudinal and lateral-directional stability augnentation,
autopilot, flight director, automatic go-around, auto-throttle, and the
all weather landing system. Piloted simulations using actual PCS hardware
were also performed on the C-5A program. The stability augmentation systems
hardware was evaluated this way prior to first flight. However, the autoland
system, for instance, was involved in piloted simulation on the C-5A Ironbird
after first flight but prior to its evaluation inflight.

Discussion

Piloted siX-degrees-of-freedom flight simulation studies during develop-
ment and design of the flight control systems are essential. In most cases,
piloted simulation using math modelled PC3 will have an important input
into the PCS design and should therefore be conducted prior to the final
hardware design fix date. The importance of scheduling a development pro-
gram this way is becoming more apparent with the advent of CCV where the
impact on handling qualities in addition to system performance and aircraft
safety is increasingly important.

Requiring piloted simulations prior to first flight using actual hardware
will be less important in some cases depending on the flight test plans and
schedules. It is essential that the hardware be tested for design compliance
and pilot familiarity on an Ironbird Simulator, but unless the system is
flight critical, or the flight test program is very short, there is no
need and in fact it may be a cost paneltv to tie hardware in-the-loop
simulation to the first flight date. Instead, flight simulation with the
hardware should be dovetailed into the flight test program. Plight criti-
cal items such as SAS and CCV should indeed be tied into the Ironbird
Simulator and checked out including pilot-in-the-loop testing prior to
first flight. A PCS such as an autoland system is not usually
scheduled to be flight tested until well after first flight; therefore,
major subsystems of that system may not be in completed hardware form at
the first flight date.
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Recommendation

Modify '.2.1.a to read as follows:

"Piloted simulations using computer simulation of the FCS prior to
the hardw,ýre design freeze."

Modify 4.2.1.b to read as follows:

"Piloted simulations using actual FCS hardware prior to the time each
FCS subsystem is scheduled for flight evaluation."
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SRequirement
4.3 Test Requirements

4.3.1 General Test Reguiremente

4.3.1.1 Test Witness. Before conducting a required test, the contractor
shall notify an authorized procurement activity representative. An orienta-
tion briefing on specific test goals and procedures shall be given procuring
activity observers prior to any required test sequence to be monitored by
an observer.

Comparison

A C-5A contractural document 3-17-1 concerning the Category I Test Plan
stipulates that the procuring agency may witness any or all component quali-
fication tests at their discretion, or they may delegate this function to
the APPRO in accordance with the program schedule. Prior to conducting a
C-5A system or component qualification test or test sequence on Engineering
Critical Items at Lockheed-Georgia, notification was given the designated
observer in the local AFPRO. In addition, the Vendors who supplied flight
control system equipment to Lockheed were required *o notify the Defense
Contract Administration Services (DCAS) representative prior to initiating
any qualification test or test sequence. In snmmary, Lockheed is in com-
pliance with this requirement.

Discussion

The requirement is considered somewhat vague on two points. First, it is
not clear what is meant by the phrase "required test." Secondly, there is
no clear indication who wc'Id define "required tests" or when such a require-
ment would be given. It is recomnended that the paragraph be revised to
clarify these two points.

Recommendation

Revise ParAgraph 4.3.1.1 as follows:

14.3.1.1 Test Witness. Qualification tests on flight control systems
and components as well as other required tests shall be contractually
defined and included as a line item in the Contract Data Requirements
List (CDRL). To the extent required by line item in the CDRL, the con-
tractor shall nctify the procuring agency, or its designated representa-
tive, prior to conducting contracturally required tests. In the event
the procuring agency or its designated representative elects to monitor
a test or test sequence, an orientation briefing on specific test goals
and procedures shall be given the designated observer prior to the test.
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Reauirement

4.3.1.2 Acceptance Tests. Appropriate FCS acceptance tests will be defined
by the procurement detailed specification.

CqMar son

The component specification documents covering C-5A vendor-designed flight
control equipment, inclixding Engineering Critical Components, require 'hat
the preparation of Acceptance Test Procedwres (ATP's) be in accordance with
Section 18 of D4M90000 and that the procedures include certain mininum per-
formance test requirements as defined in the component specification docu-
ments. D4M9O000 is a Lockheed-Georgia document that defines the general
engineering requirements for vendor-designed equipment. Lockheed complies
with the intent of this requirement.

Discussion

Lockheed establishes at least the minimzm acceptance test requirements (ATR's)
in the detailed or component specification to insure component suitability
and compliance with the overall system performance and operational require-
ments. Lockheed either prepares the acceptance test procedure (ATP) or
approves the ATP when the component design and test responsibility is sub-
contracted to a vendor. There may be other tests which a vendor includes in
his ATP which, although not required by the ATR, provide the vendor with an
extra measure of assurance in certain areas. In any case, Lockheed as the
prime contractor always is responsible for approving the vendor's ATP.

Recommendation

Retain the requirement as stated.
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Requirement

4.3.1.3 Instrumentation. Accuracy of instruments and test equipment, used to
control or monitor test parameters shall have been verified since its last
use prior to initiation of the sequence of design verification tests. All
instruments and test equipment u id in conducting design verification tests
shall:

a. Conform to laboratory standards whose calibration is traceable to the
prime standards at the U.S. Bureau of Standards.

b. Be accurate to within one third the tolerance for the variab]3 to be

mesa•ired,

c. Be suitable for measuring the test parameter(s).

d. 3e verified no less frequently than every 12 months.

Comparison

The C-5A FCS test and monitoring instrumentation specifications were imposed
thru the Contract End Item requirements primarily in Document 3-17 for the
C-5A Category I Test Plan.

Document 3-17 outlines the C-5A subsystem instrumentation and data acquisition
requirements and methods.

All instrumentation was maintained and periodically certified with calibration
which was traceable to the National Bureau of Standards in accordance with
MIL-C-45S62, MIL-Q-9858 and in consonance with other applicable Lockheed
standards. Calibration of all instrumentation was performed to the best of
current industry and state-of-the-art pr-actices with the maximum accuracy
commensurate with available standards 9nd the requirements established by the
test need or intended usage.

Do-ument 3-17 contained listings of all the basic test parameters to be measured
and the applicable accuracy and tolerances, in addition to a listing of all the
test equipment required to supply this data.

Confirmation calibration of the instrumentation was periodically checked and
was always verified prior to initiation of a sequence of design verification
tests.

The accuracy of the instrumentation was a minimum of one fourth the tolerance
for the variable to be measured and in some applications this ratio was tighter
because of the critical nature of that particular test variable.

The frequency of calibration verification depended on the use of the equipment
and how stable it was. Some equipment was verified monthly and other equip-
went only once ir five years.
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Discussion

This C-5A instrumentation met and in most cases exceeded this specification
requirement with the possible exception of the instrumentation verification
freq ,ency.

There are military specification standards available which could and should
be used to standardize certain instrumentation calibration and laboratory
practices. The actual tolerances for instrumentation and frequency of calib
ration verification should be determined by the required use of the equipment
and the stability of the test equipment and should be mutually agreed upon
between the procuring activity, and the contractor. This requirement should be
applicable to all future transport type aircraft but should be revised to
require application of appropriate military specifications and to delete
tolerance and frequency requirements which must be keyed to the application.

Recommendation

Revise the requirement as follows:

Revise 'a'. to read-

a. Conform to laboratory standards in accordance with MIL-C-45662 and
MIL-Q-9858 except as noted below, and whose calibration is traceable to the
prime standards at the U.S. Bureau of Standards.

Revise 'b'. to read-

b. The accuracy tolerances for the variables to be measured shall be sub-
mitted for the approval of the procuring agency.

Revise 'd'. to read-

d. Verification frequency shall be established based on the test toleranceE
and sensitivity and stability of the test equipment and shall be subject to
approval of the procuring agency.
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Requirement

L. 3 .1.4 Test Conditions. Thk rntractor shall establish operation test con-

ditions which accurately represent system in-service usage throughout the
applicable flight phases and flight envelopes defined in accordance with
MfL..-F-8785 or MIL-P-83300.

S~ ~~C____omparison

t| The C-5A FCS was subjected to operational test conditions which were repre-

sentative of the in-service usage throughout the applicable mission require-
ments of the Contract End Specifications CP4OOO2-1A and -6B. The test conditions
for each component reflected aircraft usage throughout the natural environment
of all conditions of weather and climate in any area of the world using MI,-
STD-210, FAA-T3O-(49C, and MIL-F-9490, as applicable.

Environmental areas included solar radiation, lightning, fog, ice-fog, dew,
hail, icing, sleet, frost, salt spray, sand, clouds, and fungus. The FCS
was subjected to test conditions simulating the effects of the induced environ-
ments resulting from the operational envelope of the aircraft operating in the
natural environments mentioned above. Induced environments considered such
areas as high temperature, temperature shock, vibration, mechanical shock,
noise, acceleration, explosive o- corrosive vapors, nuclear radiation, sound,
LM limits, and exhaust gases.

The mission requirements imposed applicable ground operating and non-operating
conditions, flight phases and flight envelopes derived from MIL-F-8785 require-
ments to the extent defined in the CEI specifications. The methods of imposing
the applicable test conditions are discussed to some extent in the validation
of Paragraphs 4.3.2.1 "Component Tests" and 4.4.1 "Flight Control System Develop-
ment Plan."

The FCS was subjected to teoting under the influence of many of the environ-
mental conditions during the aircraft flight environmental testing programs.
In addition, all the KVS components were subjected to environmental qualifica-
tion tests which generally used the test methods and procedures defined in
MIL-STD-810. In some cases, more specific or detailed terts Weze defined in
the detail component apecification.

Discussion

This is a valid requirement insofar as it goes and it has been gatisfied by
the C-5A FrS design. The requirement can be demonstrated and should be speci-
fied for all future transport type aircraft with a revision to cover ground
operating and ncn-operating conditions.

Recomendation

Revise the requirement as follows:

"4.3.1.4 Test Conditions. The contractor shall establish operation
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test conditions which accurately represent system "n-s Ace usage

throughout the applicable ground co, 'itions, fl±'bt phbes and flight

envelopes defined in accordance wit.- MIL-F-87 8 5 or JvL,-F-83300."
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R.ouirement

4.3.2.1 Component Tests. All components shall be qualified to th. appli-
cable component specification by individuwl tests, by proof of similarity
to qualified components which are qualified under conditions applicable to
the specified operating conditions, by testing in system design verification
tests, or suitable combinations of these methods. Component qualification
requirementa shall be based upon their use in the specific vehicle and its
associated environment. Environmental test methods and procedures shall be
selected from MIL-STD-461 or ICL-SrD-810. The contractor shall generate
additional methods and procedures where MIL-STD-461 or MIL-STD-810 are
inadequate for the planned aircraft usage. Wear life 3.1.12 shall be demon-
strated at the component level except where system wear life is more meaning-
ful due to component interaction.

Comparison

All the C-5A FCS components were qualified to the quality assurance require-
merits of CEI specification CP 40002-1A and -6B. Each FCS component was
quali'tied to the requirements of the applicable detail component specification
docuent. Formal quality assurance qualification verified compliance with
each design requirement in the component specification by inspection, analy-
sis, demonstration, and/or component testing as noted in the validation dis-
cussion for Paragraph 4.1.1.

The majority of the design requirements were verified by completion of a
series of individual tests which were applicable to the specified component
operation criteria under the specified test conditions. Formal qualification
acceptance was based on successful completion of the component test require-
ments. However, most of the FCS components were subjected to additional
functional and endurance testing for total system design verification such
as the "iron bird" FCS simulation tests. Additional specialized reliability
testing was conducted on certain FCS components. Inspection always constituted
one phase of the qualification procedure. Inspection of the component assembly,
subassembly, and related parts confirmed conformity to the requirements of the
applicable dra-rings and specification documents. Inspection of the components
was conducted before and after each major phase of the qualification testing.
In addition to visual inspection, the component acceptance test as described
in the validation discussion for Paragraph 4.3.1.2 was used as an inspection
tool. Inspection of the endurance life cycled test specimen included a
complete teardown ar'd inspection before and after completion of the test.

Other design requirements which required analysis were, in some cases, verified
by demonstration and/or testing. For example cartain maintainability require-
ments were first shown by analysis to meet the maintenance repair cycle and
time guarantees and subsequently verified by performance of the actual main-
tenance functions on the components.

Particular component test requirements, as noted, were based on the specific
aircraft compon'nt deeign criterit, and the associated environmental test
conditions as slecifled in Mfl-STD-810. The electromagnetic interference
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design test requirements were in accordance with MIL-STD-826 which' has since
been replaced by MIL-STD-461.

Component tests were divided into groups which included component performance
characteristics, endurance life cycles, and environmental test requirements.
Using a hydraulic servoactuator as the example component test specimen, the
following types of tests were applicable:

The component performance tests demonstrated compliance with design
requirements for such areas as primary and secondary performance
characteristics (actuator rates, operational check, limit load, hystere-
sis, friction, closed loop response, leakage, hydraulic manifold com-
ponent tests, etc.)

The test specimen was subjected to an endurance life cycle test to
demonstrate the useful life of the component in meeting the requirements
and compliance as noted in the validation discussions for Paragraphs
3.1.11.3 "Durability," 3.1.12 "Wear Life" and 3.2.6.4.3 "Actuating
Cylinders."

The test specimen demonstrated compliance with environmental requirements
as noted in 'ie validation discussion of Paragraphs 3.1.9.1 ,nd 3.1.9.3
concerning the invulnerability to natural and induced environments.
Environmental testing was conducted in accordance with the test methods
of MIL-STD-810 and the detail component specification. Specific environ-
mental tests included high temper&ture, low temperature, atmospheric,
humidity, salt fog, sand and dust, fungus, explosive atmospheric, vibra-
tion, acceleration, shock, etc.

In some cases these test requirements were expanded upon to cover the particular
type of equipment for peculiar environmental influences. For example, dielec-
tric strength tests conducted were based on particular applications as noted
in the validation discussion for Paragraph 3.2.7.3.1.

Discussion

This is a valid requirement which has been satisfied by the C-5A FCS design,
can be demonstrated, .and should be specified for all future transport type
aircraft.

Recommendation

Retain the requirement as stated.
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Requirement

4.3.2.2' Fnctional Mockup a-id Simulator Testio. Where one of the first air-
planes in a new series of aircraft will not be available for extensive testing
of the FCS prior to flight of that model, &i operational mockup which function-
ally, statically and dynamically duplicates the flight control system shall be
constructed. For essential and flight phase essential flight controls, an
accurate electrical representation shall also be provided. Production con-
figuration components shall be used for all flight control system parts, and
the hydraulic system shall be compatible with MIL-IJ-5440 test requirements.
Primary, aircraft structure need not be duplicated; however, production con-
-figuration mounting brackets shall be used and shall be attached to structure
which simulates actual mounting compliance. Mechanical components of the FCS
shall be duplicated dimensionally. Inertia and compliance of flight control
surfaces shall be duplicated or accurately simulated. The operational mockup
shall be coupled with a computer simulation of aircraft characteristics and
extornal inputs to the flight control system. The following minimum testing
shall be conducted on the operational mockup, or other apropriate test faci-
lity when approved by the procuring activity.

a. Power supply variation tests to demonstrate satisfactory operation over
the range of allowable variations specified in the applicable control power
specifications referenced in 3.2.5.

b. System fatigue tests (where system installation geometry or dynamic
characteristics are critical to fatigue life) in accordance with MIL-A-8867
to demonstrate compliance with the requirements of 3.1.11.3. The duty cycle
required shall be established by the contractor as representative of flight
and ground usage.

c. Stability margin tests to verify those requirements of 3.1.3.6 which can
be verified by test using an aircraft simulation or the operational mockup,
but which cannot be economically or safely demonstrated in flight.

d. Tests to determine the effects of single and multiple failures on perform-
ance, safety, and mission completion reliability, and the development of
emergency procedures to counteract the effects of failures.

e. Miscellaneous tests to demonstrate FCS performance, and compatibility
among FCS systems and with interfacing systems.

f. System wear life 3.1.12 where component wear life is interactive.
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Comparison

The C-5A flight control system testing included utilization of a functional
mockup or Ironbird. The C-5A Ironbird consisted of the actual flight con-
trol hardware, control surfaces, mounting brackets with simulated main struc-
ture, and actual electrical and hydraulic power systems. Also included on
the Ironbird was a pilot's station with the primary/secondary controllers
and cockpit instruments. The Ironbird was electrically connected with all
the C-5A automatic flight control systems hardware and to a six-degrees-of-
freedom digital computer simulation of the aircraft's flight characteristics.

The following FCS tebts were conducted on the C-5A Ironbird:

a. Power supply variation tests
b. Endurance
a. Frequency response/stability tests
d. System hinge moment limit compliance
e. Failure effects
f. munctional checkout including system 'compatibility
g. Pilot-in-thj-loop final checkout and system familiarization
h. Built-in test equipment and augmentation control panel operation

Discussion

C-5A experience indicates that Ironbird FCS test results can be misleading
unless careful attention is given to the structure upon which the mounting
brackets are fixed. Simulating actual aircraft structural deflection in
magnitude, direction and surfdce center of mass location is very important.

C-141 and d-5 experience indicates that piloted simulation with the Ironbird
is very valuable for pilot familiarization, system de' elopment and failure
effects testing. However, the C-5 program requirement for 10% endurance
testing prior to first flight required 3 shift operation of the Ironbird
leaving little time for piloted simulation, Early procurement of long lead
items so that the Ironbird can be operational as far before first flight as
possible would minimize Ironbird usage conflicts. The piloted simulation
work is very helpful in debugging the new hardware thereby helping to insure
first flight schedule compliance. As aircraft FCS become more complex such
as with the addition of active controls for CCV the time demands on the
Ironbird for viloted simulation will increase. Proper and timely incorpora-
tion of an Ironbird or Vehicle Systems Simulator into an aircraft production
program can be very beneficial in lowering costs, improving safety, and
producing a higher quality product.
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Recommendation

before the last sentence in the first paragraph of 4.3.2.2 add the following:

"The mockup shall include a flight station adequate for piloted
simulation."

After 4.3.2.2, add Item g:

"g. Piloted simulation may be performed as a final system ground
test for verification of design compliance including failure effects
and for pilot familiarization."

Additional Data

Piloted flight simulation studies during development and design of the flight
control systems are essential. In most cases, piloted simulation using math
modelled FCS will have an important input into the FCS design and should there-
fore be conducted prior to the final hardware design fix date. The importance
of scheduling a development program this way is becoming more apparent with the
advent of Control Configured Vehicles where the impact on handling qualities
in addition t7. system performance and aircraft safety is increasingly important.

Requiring piloted simulations prior to first flight using actual hardware will
be less important !n some cases depending on the flight test plans and scheduJles.
It is essential ,hat flight critical hardware be tested for design compliance
and pilot familia±rity on an Ironbird Simulator, but unless the flight test pro-
gram is very short, there is no need to require piloted flight simulatiens with
non-critical hardware-in-the-loop before first flight. Instead flight
simulation schedules with the hardware should be dovetailed with the flight
test program. Flight critical items should be tied into the Ironbird Simu-
l'otor and ch;-cked out including pilot-in-the-loop testing prior to first
flight. FC- euch as autoland are not usually schedul(d to be flight tested
until well after first flight; therfore, major subsystems of that system may
not be ava'.lable until after the first flight date. Although simulation of
that system may be required, it should be done on a schedule which is compatible
with its first evaluations in flight, but should not cause delay in the first
flight of the aircraft.
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Requirement

4.3.2.3 Safety-of-flight Tests. Prior to first flight, sufficient testing
shall be accomplished to ensure that the aircraft is safe for flight. These
shall be defined in the FCS development plan and shall include, but not be
limited to, the following:

4.3.2.3.1 Component Safety-of-flight Tests. All system components shall
successfully demonstrate satisfactory performance and satisfactory operation
under the environmental extremes expected in the flight test program. Certi-
fication that a component is safe for flight because of prior qualification
and use on other aircraft may be allowed provided that the component design
is identical to the previously qualified part in all significant respects
and that its capability to operate under all conditions specified for its
new application has been proven.

4.3.2.3.2 System Safety-of-flight Tests. The complete system shall success-
fully pass all of the operational mockup tests specified in 4.3.2.2 prior to
first flight except that only 20 percent of the required fatigue life demon-
stration need be completed.

4.3.3 Aircraft Ground Tests. Prior to first flight the following minimum
testing shall be performed.

a. Gain margin tests to demonstrate the zero eirspeed 6 dB stability margin
requirements of 3.1.3.6 for feedback systems depending on aerodynamics for
loop closure and to demonstrate stability margins for nonaerodynamic loops.
Primary and secondary structure shall be excited, with special attention
given to areas where feedback sensors are located with loop gains increased
to verify the zero airspeed requirement.

b. Functional, dynamic and static tests to demonstrate that all FCS equip-
ment items are properly installed and that steady state responses meet FCS
specification requirements. These tests ahall include integrated FCS and
test instrumentation as installed on the prototype airplane. Compliance
with the applicable residual oscillation requirements of 3.1.3.8 shall be
demonstrated.

c. Electromagnetic interference (M41) tests to demonstrate compliance with
the requirements of 3.2.5.4.1. Measurement of interference limits shall be
made in accordance with Mal-STD-461 and MIL-E-6051.

d. An integrity test to insure soundness of components and connections,
adequate clearances, and proper operation in accordance with MIL-A-8867.
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Comparison

The C-5A aircraft and functional systems were subjected to numerous safety-
of-flight quality assurance tests prior to first flight as defined by the
requirements in Contract End Item (CEI) specifications CP 40002-1B, CP 40002-
6. and C-5A program Category I Test Plan 3-17-1. The pre-first-flight
testing was condu' ted, in various phases, on the aircraft, the "Ironbird"
flight control system (FCS) simulator and the system components.

1. The PCS completed the following tests on the "Ironbird" prior to first
flight.

a. The FCS was subjected to 10 percent of the endurance life cycle
requirements for all representative proportions of the load and
stroke combinations.

b. The FCS was tested for compliance with all the primary control
characteristics such as: no objectionable characteristics, posi-
tive centering, friction, breakout forces and hysteresis, no
objectionable freeplay, pilot feel forces, normal FCS travel
requirements, etc.

c. The FCS was subjected to limit load testing of the system and
components.

2. The FCS components which were classed as engineering critical or
procured from outside Lockheed completed the following tests Prior
to first flight.

a. All components completed 10 percent of the required endurance
life cycleL for all representative proportions of the load and
stroke combinations.

b. All components completed static limit load testing.
c. All components completed critical portions of MIL-STD-810

environmental testing.
d. All components completed the normal quality assurance acceptance

tests.

3. The flight test aircraft completed the following tests prior to first
flight.

a. The FCS was tested for functional, dynamic, and static compliance
with all the primary control characteristics which paralleled the
"Ironbird" testing noted in Paragraph 2b to ensure system inte-
grity and compatibility.
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b. The aircraft completed ground vibration testing to substantiate

the flutter analysis and wind tunnel flutter model test results.

These tests also confirmed the limits of the degree of stability
and structural coupling with the FCS components. Residual oscilla-
tion parameters were examined to determine the safety of a first
flight of the aircraft. Frequency response testing was conducted
on the primary FCS through the augmentation system to insure that
any non-linearities existing in the closed loop FCS did not cause
any dangerous, divergent or limit cycle oscillation.

See the validation discussions for Paragraphs .5.1.1.6 and 5.1.3.8
regar'ding C-5A FCS compliance regarding stability and residual
oscillations.

c. Electromagnetic interference tests were conducted for compliance

to Mfl,-STD-826 and power transients were tested for compliance

to MIL-STD-704.

Discussion

The requirements are generally Valid, demonstrable and acceptable for

large transport airc aft. However, in the area of fatigue life demonstra-

tion (4.2.3.2) the C-5A procurement required 10 percent endurance cycling

rather than 20 percent of re,•uired fatigue cycles prior to first flight.

During the flight test developnent Lockheed continued FCS endurance cycling

on the C-5A Ironbird and on PCS •,•rvo actuator assemblies at the vendor

facilities until 100% of the endurance requirements were met or exceeded.

Lockheed believes, based on both C-5A and prior Lockheed aircrEft experience,

that a 10 percent requirement is adequate assurance for first flight safety

and subsequent flight test development which necessarily involves short

flights usually over an extended time period. Lockheed believes that the

20 percent requirement of Paragraph 4.3.2.5.2 is excessive and could result

in unnecessary component procurement costs and delays in airplane first

flights.

Recommendation

Change: 4.5.2.3.2 System Safety-of-Flight Tests.

Replace 20 percent with 10 percent.
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Requirement

4.3.4 Plight Tests. Plight tests shall be conducted, as defined in the
FCS development plan, to demonstrate compliance with requirements where com-
pliance cannot reasonably be demonstrated by other tests or analyses. The
design and test condition guidelines tabulated in MIL-F-8785 shall be con-
sidered in establishing the flight test plan. Flight test data shall be
used to verify the analytical trends predicted and shall be compared to the
performance and design requirements of the FCS specification. Comparable
data trends shall be required for verification where analytical data is
used to extend or extrapolate flight test data to show compliance. In
addition, tests shall be conducted to assure that the flight control system,
in all operational states, does not violate the flutter requirements of
KIL-A-8870.

Comparison

The C-5A FCS/air vehicle was subjected to flight testing to demonstrate
compliance with the applicable design requirements where compliance could
not otherwise be reasonably demonstrated by other tests or analysis. The
flight test program was defined within a FCS development plan as noted in
the validation discussion for Paragraph 4.4.1, "Flight Control System Develop-
ment Plan."

The Flight Test program objectives were specified in CEI specifications,
CP40002-1A and CP4OOO2-6B, and applicable test procedures defined in Document
3-17. The applicable requirements of MIL-F-8785 were used to the extent
specified in the CEI specifications. Flight test plans adhered to included
the following:

"o From CP40002-6B

"Flight test shall consist of those tests required to demonstrate
the functional suitability, consistency of operation, and the accu-
racy of performance of the flight control subsystem/air vehicle
combination for the conditions specified--The operation and perfor-
mance observed or recorded shall be equal to or better than the
minimum acceptable, as specified in the applicable portions of
Section 3 (design performance requirements)."

"O From CP40002-1A:

"Performance. Flight test shall be conducted on a test air vehicle
that is suitably configured and instrumented to obtain those data
required for verification of the applicable requirements of Section
3.0 (design functional and performance requirements)."

The Flight Test program was divided into Category I and II test programs.
The Category I flight testing included MFCS characteristics including ground
tests (Reference MIL-P-9490D, Paragraph 4.3.3), ground handling (taxi tests),
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primary flight control forces and effectiveness throughout all flight regimes,
aircraft stall characteristics, minimum control speeds, aircraft operation in
dives, longitudinal/lateral/directional stability and secondary flight con-
trol subsystems characteristics such as trim authority and rates and flaps,
slat and ground spoiler system characteristics. AFCS functions were also
evaluated during Category I flight testing.

The Category II flight test program was a Joint Air Force/Lockheed effort to
assure the objec'ives of APR8O-14, "Testing/Evaluation of Systems, Subsystems
and Equipment." Tests and analysis data derived by Lockheed during Category
I testing, to verify design performance requirements, were validated by
selected tests during the Category II flight test program. Flutter and buzz
requirements per MIL-A-8870 were flight tested for compliance to the extent
noted in the validation discussions for Paragraphs 3.1.11.2, "Stiffreýs,"
and 3.2.6.7.3, "Control Surface Flutter and Buzz Prevention."

Discussion

The C-5A was analyzed for compliance with the stability and control flying
quality requirements as defined in MIL-F-8785B and the results were documented
in Report No. AFFDL-TR-75-3 entitled, "Evaluation of the Flying Qualities
Requirements of MIL-F-8785B (ASG) using the C-5A Airplane." These validation
compari3ons were primarily based on Category I and II flight test results
supplemented by analytical data and results obtained during the ALDCS develop-
ment test program. Compliance was demonstrated to the extent noted in AFFDL-
TR-75-3 and summarized by the statement, "It has been amply demonstrated
through flight test and operational use that the C-5A performs its intended
mission with no limitations on flight safety resulting from deficiencies in
flying qualities.

"Although, as pointed out, there are quite a few areas where compliance with
M•fL-F-8785B (ASG) cannot be shown. Consequently, some means of deviating
from those requirements would be necessary to keep contract costs within a
reasonable range...."

Therefore, the flight test requirements of M[IL-F-8785B, Table XV, should be
used as a guideline as noted in Section 4.1, "Compliance Demonstration."
"Table XV, 'Design and Test Guidelines,' gives general guidelines, but
peculiarities of the specific airplane design may require additional or
alternate test conditions."

On this basis the C-5A flight program has satisfied the intent of this
specification. This can be demons'trated and should be specified for all
future transport type aircraft.

Re commendation

Retain the requirement as stated.
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Additional Data

Flight test guidelines of Table XV in Specification MIL-P-8785B are general
guidelines. Test requirements for a particular aircraft may require use of
additional or alternate test methods or conditions to provide compliance
demonstration. Also, some areas of compliance may be more coat effectively
and safely demonstrated by analysis rather than flight test. Examples where
this is the case include demonstration of controllability with all engines
inoperative and evaluation of controllability and vehicle stability for
operations aft of the normal aft C.G. limits.
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Requirement

4.4 Documentation. FCS data submittal and approval requirementa for each
specific model aircraft shall be in accordance with contract requirements.
The data shall be furnished in accordance with appropriate line items of the
Contractor Data Requirements List (DD Form 1423). Typical information and
data items are listed in this section.

Comparison

The C-5A Contract End Item specification required (by supplement to Ule
contract) that all data submittal and approval for the customer adhere to
the requirements and format defined in document AZZ Exhibit 66-1. All data
were furnished to the customer as specified by the appropriate line items of
the contractor data requirement list (DD Form 1423).

Typical data and information items transmitted to the customer for approval
and information, which were sent via this transmittal vehicle, are outlined
to some extent in the validation discussions for Paragraphs 44.14 thru 4.143.3.

Discussion

The subject submittal vehicle was the instrument for periodic milestone
reviews and approval of the status of the design and development phases of
the C-5A FCS.

This is a valid requirement which has been satisfied by the C-5A FCS design
and can be readily demonstrated. This requirement should be specified for
all future transport type aircraft.

Recommendation

Retain the requirement as stated.
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Rea-uirement

4.4o FliLht Control System Development Plan. A flight control system develop-
ment plan shall be prepared by the contractor for approval by the procuring
activity. This plan shall be revised and updated at intervals as specified
by the procuring activity until it is mutually agreed that no further revision
is required. The plan shall include a -in'm-m of$

a. A detailed milestone chart showing the interrelationship between phases
of development work to be accomplished. Design reviews shall be ideatified
and scheduled and an outline of the progressive design verification process
to be used by the contractor shall be included. Starting and completion dates
for all work items and due dates for all reports shall be identified.

b. A PCS synthesis and analysis plan describing the general approach and
analytical procedures to be used. Analyses planned to generate requirements
for the FC3 specification shall be described.

C. A verification plan defining the means selected by the contractor for
verifying that the design meets each cf the requirements of the FCS specifi-

cation. Verification means shall be specifically correlated with each speci-
fication requirement.

d. Flight safety, reliability, maintainability, and vulnerability analysis
plans to include a description of the analvtical or other means selected by
the contractor for design verification in these areas.

e. A functional mockup test plan, including the test' procedures to be used
and a listing of requirements to be satisfied by each test.

f. A ground test plan and ground test procedures defining the ground tests
and functional checks to be performed prior to first flight.

g. A flight test plan and detailed flight test procedures. Each procedure
shall be cor'related with one or more requirements of the PUS specification.

Copamrison

The C-5A aircraft was a major production aircraft development program ,whtch
contractually had to be mavaged under the guidelines of the Contract End Item
specification (CEI). The CEI specified an air vehicle development plan to
establish the requirements for performance, design, test, and qualification,
as well as developnent of the C-5A air vehicle. This is reflected in CEI
specificaticn CP 40002-1 and all related requiremunts therein.

The FCS subsystem development requirements axe specified in CET specification
CP 40002-6B'uhich are summnarized in the "scone" as follows:

"This volume of CP 40002 establishes the r-quirements for the perform-
ance, design, test and quzlification of air vehicle equipment identified
as the Flight Control Subsystem. The performance requirements herein
specify the applicable Flight Control Subsystem requirements necessary
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to accomplish the missions dofined in 33 40001 and CP 40002-i ."

The PCS development plan specifications were created as a result of the RFP
efforts for the C-5A mission requirements and detail considerations such as
functional operation, flying quality handling and performance, structural
integrity, wear life, reliability, safety, maintenance, ground handling equip-
ment, etc. This development plan established the FCS specification as rit-
lined in the validation discussion for Paragraph 4.4.2 and the means for its
implementation. Thp RFP Included FC3 specification concepts and implementation
proposals which -ere periodically reviewed by the customer and revised as
required, even after contract award, until an acceptable final configuration
and development plan was established.

The FdS development plan included detailed milestone charts which indicated
the interrelationship and scheduling between all phases of the design and
development of the aircraft and FCS. The plan included scheduled periodic
design and development progress reviews, with the customer, which was used
as a means of verifying contractural compliance. The development plan and
milestone charts contained a detailed outline verification process which showed
progressive compliance with eac" of the specified CEI requirements. Starting
and completion dates of all design, development, and verification work items
and due dates for all periodic and final reports and documentation, were iden-
tified within the development plan and milestone charts.

A FCS synthesis and analysis plan was established as part of the main FCS
development plan for the purpose of describing the general approach and
analytical procedures to be used. The FCS analysis and synthesis objectives,
techniques, and reporta were prepared in a manner which satisfied the intent
of Paragraph 4.4.3.1, "KCS Analysis Report," as noted in the validation dis-
cussion for that paragraph. The formal report describing the C-5A FCS analy-
sis is contained in Lonkheed Report No. LGIUS42-2-1, Volume IV, "C-5A Flight
Control Report." The FCS analysis reports and diagrams included block diagrams
of the FCS. The diagrams included such parameters as transfer or describing
functions, indicated the normal control paths, redundancy, location and types
of sensors, and types of control devices. A general description of the FS
contained the theory of operation and modes of operation. The stability
criterion and its relation to the FCS performance were described. The system
characteristics were correlated with the FCS specification requirements.
Where analytical predictions were sometimes used to satisfy specification
requirements the assumptions, analytical approximations, and tolerances were
documented and justified. Analytical data was presented for both linear,
small perturbation analysis and for non-linear simulation or analysis which
consider non-linearities. Where analyses techniques were used to generate
requirements foxr the FCS specification, they were identified.

The development plan and milestone charts contained the verification r anb
whereby Lockheed's progress and compliance was interfaced and tracked •q the

433

I, -.



procuring activity. The verification plan for all phases consisted of a
description and tabulation for each of the basic design requirements of the
F"CS specification required by 'aragraph 4.4.2. The design requirements are
generally identified in the Paragraph 3.0 group, as required by the military
format requirements. The design verification requirements are contained in
the quality assurance sections of the Paragraph 4.0 group. As noted in the
validation discussion for Paragraphs 4.1.1 and 4.3.2.1 the methods of showing
compliance are divided into major subgroups of analysis, inspection, testing
and demonstration. For every design requirement in Section 5,0 there is at
least one verification requirement in the quality assurance section of 4.0
which requires one or more of the listed methods for showing compliance.
Tabulations similar to the example shown in AFFDL-TR-74-116 "Users' Guide",
iaragraph 4.4.1, Table IIID, were used as a verification completion check
list for the periodic customer reviews and for documentation and data sub-
rittal requirements noted in the validation discussion for Paragraph 4.4.

2his general format was used for all categories of requirements ranging from
top Contract End Item specification down to the components detail specification.

ine areas of flight safety, reliability and maintainability showed design
verification by analysis, tests, and demonstration as specified in the quality
assurance requirement section of the specification. The reliability of the
F1CS was validated and verified by a combination of tests and analysis. For
example, tests were conducted on selected FCS components and assemblies which
were significant to the air vehicle mission reliability. The analysis tech-
nique presented a mathematical 7eliability model of the FCS which was used to
represent the contributions of various subsystem elementi to successful mission
accomplishment. The introduction of failure rate data into this mathematical
model, was used for an analytical validation of the subsystem reliability.
Some areas were verified by reliability demonstration techniques. The main-
tainability requirements were vErified by analysis and demonstration. The
objective was to achieve quantitative maintainability characteristics with a
high degree of confidence. The major maintainability verification demonstra-
tion was r "hieved during the Categor-y II testing.

Flight safety requirements were a part of the safety plan developed in
accordance with M-ib3-3H1)O which was used to evaluate failure modes, mal-
function effects, human error, etc. In addition to the analysis, many of
the flight safety requirements were demonstrated during the Category II testing.

'To supplement the Contract End Item development plan additional documents were
created to expand on the detail planning. For example, Lockheed document
oo. 3-17 described in detail the C-5A Category I Test Plan. This covered
all the quality assurance testing which included such areas as the functional
mockup test plan, ground test plan, and the flight test plan. Since this
represented a typical C-5A development plan instrument, a brief description
iý glvr~r bplow.
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Document 3-17 was originally submitted in proposal format ia response to the
RFP. The submittal was revised periodically to comply with customer and con-
tractor negotiated changes and to achieve system compatibility and the format
was updated periodically to facilitate easier reference and data acquisition,
until a final plan was achieved. An outline of the test objectives included:

1. the test management approach
2. laboratory testing of materials and processes

5. development and qualification of components (including Contract
End Item Engineerihg critical components)

4. development testing of long lead time subsystems in an operational
flight environment

5. flight testing of the C-5A aircraft and evaluation of system
relia• lity, maintainability and personnel subsystems

Irie teat plan included definitions of all planning factors such as:

1. test article descriptions
2. support aircraft required
3. special test and instrumentation requirements
4. flight test measurements to be made
5. test preparý:tional information required
6. cross references relating test plan subparagraphs to applicable

paragraphs of the design requirement documents and CEI specifica-
tions.

The basic philosophk of the test objectives was to establish compliance with
the specified requiremnts. Other considerations were to insure that the air
vehicle and its subsysbems, trainers, engines, test vehicles, ground support
equipment, •tc., are tt-chnically sound and safe for use in Category II testing
and arc fwuictionally operable, reliable, maintainable, and compatible with the
specified systems. Detailed milestone charts were prepared which showed the
Tnterrelationsfip between the various manufacturing development, design develor-
rent, and test phases. Acquisition phase testing was conducted with a uniformly
contrn•lled component development and qualification test program which was con-
,icted at Lockieed's facility or at Lockheed's suppliers' facilities. Pull
-'ale test simnulation was used early in the program to provide early identifi-

cation of subsystem design changes and to insure system compatibility.

Other supplemental development plans were contained in Lockheed Documents 7-1l 4 ,
"4nd Tunnel Testing" and Document 3-23, "Handbook Validation."

Additional discussion is contained in the validation for Paragraphs 4.3.5, 'Air-
craft Ground fests," and 4.5.4, "Flight Tests." Functional mockup and simulatc.r
testi are discussed in more detail in the validation for Paragraph 4.3.2.2.
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Discussion

This is a valid requirement which has beei, satisfied by the C-5A control
system design and can be readily demonstrated. This requirement should be
specified for all future transport type aircraft.

Recommendation

Retain the requirement as stated.

i4
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Rectuirement

4.4.2 Flight Control System ipecification. The contractor shall prepare
a flight control system specification incorporating:

a. Applicable general system, implementation, and test requirements of

this specification.

b. Special requirements of the procurement air vehicle detail specification.

c. Special requirements determined by the contractor, as required by the
general specification.

A preliminary FCS specification shall be prepared within 90 days of con-
tract award and progressively updated, as requirements are finalized.

Comparison

The C-5A FCS specification number is CP 40002-6B. It was created from a

review of the then current military spnecification requirements in the light
of C-5A mission requirements and included detailed considerations such as
operability, function and performance, maintenance, AGE, safety, reliability,
strength, life, environment, handling and flying qualities, and many more.
The C-5A FCS concepts and the proposed implementations were reviewed and
final FCS requirements were established for the performance, design, and
product confirmation. Although much of this FKS specification paralleled
then current MIL-F-9490 requirements, it contained significantly more
detailed information which was necessary to assure the desired overall
results. This document was updated as changes in the C-5A program were
developed.

Discussion

The requirement is valid for future transport aircraft. It provides a
worthwhile tool for the FCS development and for development monitoring
by the customer. Lockheed complied with the intent of this requirement
during the C-5A development. The C-5A FCS development was probably the
most extensively documented of any aircraft FCS development up to that time.

Care should be taken to assure the flexibility for change is maintained to
provide for an orderly development of the most cost effective FCS for the
Job.

Recoamendation

Accept "as is."
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Requirement

4.4.3 Design and Test Data Requirements. If applicable design data are

available the contractor shall, in lieu of preparing new design data, use
these available data supplemented by sufficient information to substantiate
their applicability.

Comparison

Because the C-5A was a major production aircraft development program, the
data requirements defined by 4.4.3.1 thru 4.4.3.3 were essentially satisfied.
"he use of existing applicable design data was used to some extent in the
preparation of some portions of the subject reports.

Discussion

Tha context of the meaning of "existing data" may be subject to different

interpretations. "Existing data" is understood to mean data which is already
known from prior design, development or test experience. For example, during

the preparation of the FCS analysis report per 4.4.3.1, certain of the design,
requirements and criteria used for the YCS analysis and synthasis may utilize
work accomplished earlier in the program or data derived from other design
areas.

The intent of the section 4.4.3 subparagraphs is not obvious from the present

wording. Therefore, some lead in statement would be beneficial to understanding
this section.

Recon.Aendation

Clarify the requirement as follows:

"4.4.3 Design and Test Data Requirements. The following design and
test data shall be provided as required by the definitive contract

requirements. If applicable design data are available the contractor
shall, in lieu of preparing new design data, use these available data
supplemented by sufficient information to substantiate their applicability."
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Requrement

4.4.3.1 .US Analysis Report. A report describing PCS analysis shall be
prepared using an outline prepared by the contractor, subject or procuring
activity approval. This report shall be initially prepared immediately
following the preliminary FCS analysis and synthesis and periodically up-
dated throughout the development period. The final update shall include
as a minimum:

a. Design requirements and criteria used during the PUS analysis and synthe-
bis.

b. Block diagrams of the FCS. These diagrams shall include transfer or
describing functions and indicate normal control paths, redundancy, manual
overrides, emergency provisions, location and type of sensors and control
device used.

C. A general description of the FCS. The various modes of operation shall
be described and the theory of operation discussed.

d. Discussions of unusual or difficult design features and problems.

e. A description of the stability and performance of the FCS and a corre-
lation of system characteristics with the requirements of the PCS specifica-
tion. Data shall be presented for both linear, small perturbation analyses
and for non-linear simulations or analyses which consider nonlinearities
such as actuator rate, electronic amplifier saturation, and actuator position
limits. Where analytical predictions are used to satisfy specification
requirements, the assumptions, analytical approximations and the tolerances
placed on these analytical predictions by the contractor shall be documented
and justified.

f. Results of the FCS flight safety, reliability, maintainability and
vulnerability analyses. The reliability analysis results shall include a
detailed listing of possible failure modes. The approach and sources of
data used shall be discussed and. the results compared to and correlated
with requirements of the FCS specification. Analytical methods used shall
be documented and justified by the contractor.

g. A general control system layout or series of layouts showing control
surfaces, actuation systems, feel systems, pilot's controls and control
panel organization. Means of providing redundancy and emergency provisions
shall be illustrated. Layouts shall include wiring schematics for all elec-
trical and electronic portions or the FCS and attendant electrical, hydraulic,
and pneumatic power inputs to the FCS.

h. A description of piloted simulations performed, as required by 4.2.1.
Where piloted simulation data is used to verify specification requirements,
the simulator and flight configurations simulated shall be described and
the data compared to and correlated with the requirements of the PUS speci-
fication.
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I. Mathematical models of the FCS, the unaxzmented airplane and other dat%
required to allow the procuring ac Ivity to independently simulate the FCS
at any point during or following the aircraft development process. Mathe-
matical models, block diagrams, stability and performance data and layouts
shall be updated following flight tests to incorporate modifications made
during testing.

ComDarison

The C-5A contract between Lockheed and the Air Force specified that all
the items which have since been included in this requirement of MIL-F-9490D
be performed by Lockheed. Lockheed's performance on each of these items
was acceptable to the Air Force and approval of the final report was granted.
Therefore, the C-5A is in compliance with the intent of this requirement.

Discussion

This is a good requirement in that all the appropriate items are covered.

Recommenda cion

Retain the requirement !q stated.
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Requirement

4.4.3.2 F'CS Qualification and Inspection Report. The contractor shall docu-
ment results of inspections used to demonstrate compliance with requirements
of the FCS specification. Where inspection of component qualification status
documentation is used to verify compliance with the FCS specification, the
contractor prepared component specification shall be submitted as a part of
the FCS inspection report.

Comparison

All C-5A FCS subsystems and components were required to meet the design com-
pliance verification requirements under the quality assurance section 4.0.
This included formal qualification requirements which specified compliance
verification of the design requirements contained in the component and system
specification by inspection, analysis, demonstration and/or testing.

Appropriate documentation of qualification tests was assured by the Qualifi-
cation Test Procedures (QTP) wtvkch included test plans and test procedures
based on the detailed test requirements and methods of performance and opera-
tion of tests. QTP's were submitted to the USAF for review and in some cases
approval. The qualification testing was then accomplished based on the qTP.

C-5A qualification documentation included specification requirements and test
analysis and inapection results in the final qualification reports in order
to show compliance with the FCS specification requirements and to demonstrate
that approved -.est procedures were followed.

The C-5A qual4 fication test reports for subsystems and for engineering critical
components were submitted to the USAF for approval in accordance with require-
ments noted in the validation discussion for Paragraph 4.4, "Documentation."

Discussion

This is a valid requirement which has been satisfied by the C-5A control system
design and can be demonstrated. This requirement should be specified for all
future transport type aircraft.

Recommendation

Retain the requirement as stated.



R•e 4uirement

4.4-.3.3 FCS Teat Report. A report describing and correlating tests performed
and data generated to verify requirements of the FCS specification shall be
prepared by the contractor. This report may be prepared in' volumes, and shall
include a minimum of:

a. A detailed description of the operational mockup including part numbers
and the test conditions under which data was generated and a comparison of
the FC3 specification. Inclusion or exclusion of control surface aerodynamic
hinge moments, simulation of aircraft structural compliance in lieu of air-
frame parts or use of other approximations in operational mockup construction
shall be justified. All discrepancies or corrective actions arising from
operational mockup testing shall be repor ted.

b. A description of the airplane ground tests performed and data generated
and a discussion of any system adjustments or modifications required to satisfy
requirements of the FC3 specification.

c. A comparison of flight test data with requirements of the FCS specification
and a description of the airplane configurat one and flight conditions tested.
Modifications to the FC3 made during the fli ,it test phase to meet FCS specifi-
cation requirements shall be documented and ,1stified.

Comparison

The C-5A FCS final test results reports were prepared by Lockheed and sub-
mitted-for USAF approval in accordance with the documentation submittal
requirements of ASZZ Exhibit 66-i as noted Ls 'he validation discussion for
Paragraph 4.4, "Documentation."

The FCS test reports followed the format of the approved test procedure plans,
which assured the test requirement correlation and data generation required
to verify the PCS specification requirements. This procedure is described in
more detail in the validation discussion for Paragraph 4.4.1, "Flight Control
System Development Plan," where Lockheed Document 3-17, "Category I Test Plan,"
is used to illustrate a typical development plan. Document 3-17 includes
detail test and quality assurance planning and procedure requirements for all
the Catego:; I testing, which includes the operational mockup "ironbird,"
airplane ground tests, and flight test requirements.

The operational mockup "ironbird" for the C-5A FCS was a full scale develop-
ment test simulator which was used for subsystem testing and development and
"pilot in the loop" simulation. Document 3-17 and related specification docu-
ments gave a detailed description of tha operational mockup including a listing
of all the equipment, test requirements, and test conditions and a comparison
of the PCS specification requirements. Included in the simulator testing
were simulation of control surface aerodynamic hinge moments and maximum
use of actual aircraft mounting structure or structural compliance simulation.

SThe planning phase allowed for correction of discrepancies and corrective
action arising from operational simulation testing. The final test report
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contained a historical documentation of any discrepancies and their related
corrective action or modification required to satisfy the FVS specification
requirements.

Extensive C-5A airplane ground testing was conducted prior to first flight
as noted in the validation discussion for Paragraph 4.3-3, "Aircraft Ground
Teats." The final test report contained detailed descriptions of all testa,
data Generated, and compliance verification reference to the P03 requirements.
The final test report contained a historical ,docu~mentation of any discrepancies
or adjustments and any resultant related corrective action or modification
required to satisfy the KS3 specifination requirements.

Extensive C-5A flight testing was conducted as noted in the validation dis-
cussion for Paragraph 4.3.4. The final test report contained detail descrip-
tions of the air-plane configurations, flight test conditions, flight test
requirements, data generated and compliance verification reference to the
P03 requirements.* The final test report contained a historical documentation
of any discrepancies or adjustments, and any resultant corrective action or
modification required to satisfy the P03 and air vehicle specification require-
ments. Any corrective action or modification documented in the finpl test
report is justified on the basis of being required to meet the P03S specifica-

tinrequirements.

Discussion

This is a valid requirement which has been satisfied by the C-5A 1"CS and
can be demonstrated. This requirement should be specified for all future
transport type aircraft.

Recolmmendation

Retain the requirement as stated.
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Requirements -Not applicable

5.0 Preparation for Delivery

5.1 Packaging Requirements

6.U Notes

6.1 Intended Use

6.2 Procedure for Requesting Deviations

6.3 Reordered Equipm~ent or Second Source Procurement

.64 Users' Ouide

6.5 Abbreviations



RequireTient

6.6 Definitions

Recommendation

It is recommended that the following terms be added to paragraph 6.6 of
M'IL-F-949OD. Suggested definitions are given for those terms where a
clear and consice definition was available. The determination of the
definitions for the other terms must take into account the use of the
term throughout M4L-F-9490D. Also, the interrelationship between terms
should be included where possible in the definition, i.e., between com-
ponent and mcodule.

Aerodynamic Enhancement Flight Control System (AEFCS) See 1.2.1.2

Circuit (electrical)

Component

Computer

Electrical Computer

Function - A control function is a particular service or special duty
which is performed by any portion of the FCS. Any portion of the FCS
may perform more than one function.

Limiting Flight Control System (LFCS) see 1.2.1.4

Line Replacable Unit (LRU)

Mechanical Computer

Microcircuits

Module

Probable Malf'uiction - A probable malfunction is defined as any single
electrIcal, lydraulic, or mechanical malfunction or failure within a
utilization system which in considered probable on the basis of past
service experience with similar components in aircraft applications.
This is extended to multiple malfunctions when: (i) The first mal-
function would not be detected during normal operation of the system,
including periodic checks established at intervals which are consis-
tent with the degree of hazard involved, or (2) The first malfunction
would inevitably lead to other malfunctions.
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i -sigma ( i-eans that, the probabilitY of 66 percent1 Of Sah

measured samnplesl will fall with~in the spee-fitd tUlOra=4

-Means that the probability of 95perCeflt of all

measured sample& W.ill f&,lt within the spcified toleranceO.

& -L ?
1aStIs that the probability of 99.T Percent Of

all measuared samples will fall 
withinl the specified tolerance.

Sigmal Traflni8 ton

Regui Memfts - Not Applicable

6.7 use of Limited Coordination Specifications

6..b Identification of ChangeqS-



SECTION IV

CONCLUSIONS

The main objective of this general specification is to define sufficient
guidelines and performance, requirements so that the FCS will meet their
intended functions without compromising the detail design or the interface
with the aircraft and the other systems, without degrading mission perform-
ance, reliability and safety and without unduly adding to life cycle costs.

A total of 330 of the stated requirements were subjected to the validation
process. Of these, it was concluded that 235 were acceptable as present-,
with the clarifying data contained it the "Users' Guide." Additional data
for the "Users' Guide" were recommended only for clarification of 17 require-
ments as written. Finally, 95 requiuements were recommended to be changed.
These requirements changes were recc tended for various reasons, some of
which are listed below:

o Too stringent for Class 11 aircraft
o Too lenient or insufficien.. overage
o To provide uniformity of numerical units for related requirements
o Requirement is beyond the scope of MIL-F-9490
o Requirement is not clear; subject to m±iinterpretation
o To improve compatibility with the intent of the specification

It was concluded that the specification represents a significant advance-
ment towards clarifying FCS related procurement requirements. Alsc, the
specification with the reconmended revisions is suitable for transport type
aircraft and leaves the contractor with sufficient design flexibility to
advance the FCS stite-of-the-art.

Some requirements could not be applied consistently and satisfactorily even
after several attempts. Problems were experienced particularly with the
application of 1.2.1 FCS Classifications and 1.2.3 FCS Criticality Classifi-
cations. A need for additional FCS classifications and a redefinition of
MFCS and AFCS are believed to be necessary.

Application of this new set of requiremente would probably have had only
relatively minor effects on the C-5A development and final cc.Iiguration
because the differences in C-5A and MIL-F-9490D specifications teudad to
offset each other. T',ble 1 presens a tabular summary of the validation
study. It identifies the requirements validated, indicates'the require-
ments recoamended for change, indicates the leve's of C-5A compliance, and
identifies requiremerts for which additional data was supplied for incorpora-
tion into the "Users' Guide."
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TABiz 6, TABULAR SmvA•RY OF C-5A VALIDATO STUDY

(SYI'jOL.3 ARE IDlEN'TIFIED UN THE LAST Sh1-iEE'I

OF TIUý TABLE)

PARAGRAPH T1 ME SPEC. LEVEL OF TEXT FOR
RECOMM. OMOPLIANCI TSER GUIDE

* 1.0 SCOPE II CLASSIFICATIONS

Ii SCOPE F G
* I 2 CLASSIFICATIONS
* 1..1 FLIGHT CONTROL SYSTEM IFCS1 X

CLASSIFICATIONS
1.2 1.1 MANUAL F LIGHT CONTROL SYSTEMS X F S

IMP CSI

1.2 I 2 AUTOMATIC FLIGHT CONTROL X F S
SYSI EM% IAFCSI

* 1.27 FCS OPERATIONAL STATE
CL ASbSIFICATIONS

122 1 OPF-iAAIIONAL STATE I INORMAL X F G
OPFfIATION)

1222 OPERAtIONAI STATE II (HESTRICTED X F G
OP H AT IINI

1 223 OPL;PAIIONAL STATE III IMINIMOM G
SAFE 0PkRATIONI

1224 OPFRATICA'I SATI IV 1COC!TROL- FG
LABIE TO AN IMIMEDIATE EMER-
GcENCY LANDING;

12,2.5 OPERATICNAL STATE V (CONTROL- N/A CNA
LARLE ',O AN EVACUABLE FLIGHT
CONOITION)

* 1 23 FCS CRITICALITY CLASSIFICATIONS
1231 ESSENTIAL F G
I 23 2 FLIGHT PHASE ESSENTIAL XF 0
1.233 NOCRITICAL F G

* 2.0 APPLICABLE DOCUMENTS
2 1 (NO TITLE) X

*22 OTHER PLDALICATIONS X P L

* 3.0 R'.OUIREMFNTS
31 SYSTEM REOUIREMENTS F C
31 I MFCS PERFOUMANCE HFOUIREMENTS F 0
317 AFCS PPRO9INIANCE REOUIR1MENTS X F G
3121 AT rITU,'t HCILt (PITCH & HOLL) F G
3 1.2.2 HI ADING HOLD X P S X
3 123 HEADING St LECT X F L
31.24 LA¢tiAL ACCELERATION & SIDESLIP F G

L I(M! IS
3124 1 COOIItIINATION IN STEADY BANK' ED X F L

TURNS

3 1 24 2 LATERAL ACCELERATION LIMITS, F G
RaOL ING

3 1 24 3 C(tO INATION IN STRAIGHT , LEVEL X F L
F LIGHyT

3 1 25 ALTITII')F HOL.D F C
31 26 MACH HOLD X F L
3 1 27 AIDS?, ED HOLD X F L

*3 I 28 ALjT D%, T I NAVIGATION
31 2 8 1 %OHI TACAN F G
3 1 28 I I VOI' ( ';AI'IUDP A TRACKING X F L
3 28 1 7 TACAN CAP:LURE & TRACKING X F L
3 1,28 1 3 OIVERS1AlliON F
31 29 AUO','ATIC INSTRUMENT LOW X F

APPF,*JACH SYSTEM
3,1 291 LOCAIIFER MOUE X P S

31 292 GLIDF 'ýLOPI M')DE X P S&L
3 1 293 GCo. AROUND MODE X P S

3,1 293 1 PITCH AFC- GO-AROUND F G
31 293 2 LAIEHAL-HEADING AFCS GO-AROUND X P S

PE 0WOfI1'ANCE STANDAHIDi

* title paragraph
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ISPEC. LEVEL OF TEXT FOR
PARAGRAPH TITLE STRINGENCT

RECOMM. "OIMPLIANCF USER GUIDI

3 12.9.313 MINIMUM GO-AROUND ALTITUDE F G
3.1.2.10 ALL WEATHER LANDING SYSTEM X P S

(AWLS)
3.1 2.10,1 AWLS PERFORMANCE STANDARDS - x P G

VARIATIONS OF AIRCRAFT & AIR-
BORNE EOUIPMENT CONFIGURA-
TIONS

3,1.2.10.2 PERFORMANCE STANDARDS - X P S&L
GROUND'BASED EQUIPMENT
VARIATIONS

3 1.2.11 FLIGHT LOAD FATIGUE ALLEVIATION F L
3.1.212 RIDE SMOOTHING X P S
3.1121?1 RIDE DISCOMFORT INDEX F G
3.1.2.13 ACTIVE FLUTTER SUPPRESSION DNV
3.1.2.14 GUST & MANFUVER LOAD F G

ALLEVIATION
3.12.15 AUTOMATIC TERRAIN FOLLOWING F G
3.1.2.16 CONTROL STICK (OR WHEEL) X F S X

STEERING
31.3 GENERAL FCS DESIGN F G
31.3.1 REDUNDANCY F G
3 1 32 FAILURE IMMUNITY & SAFETY F G
3.1.3.2.1 AUTOMATIC TERRAIN FOLLOWING F G I

FAILURE IMMUNITY
3 1 3.3 SYSTEM OPERATION.& INTERFACE F G
31.3.31 WARMUP F G
S31 3.3,2 DISENGAGEMEN T F G X
3.13.3.3 MODE COMPATIBILITY F G
3 1.3.3 t FAILURE TRANSIENTS X F S
3 11.3.4 SYST EM ARRANGEMENT F G
3.1.3 5 TRIM CONTROLS X F S&L
313.6 STABILlIY F C
3 1 36 1 SIASILIIY MARGINS X F S
31062 SENSIUtVITY ANALYSIS F G
31.3.7 OPERATION IN TURBULENCE F G
3.1371 RANDOM IUIRBULENCE F G
3.1372 DISCRETE GUSTS F G
31 37.3 WIND MODEL FOR LANDING & F

TAKEOFF
313731 MEAN V;N(D F c
3 1 3.7.3.2 WIND 'HEAR F G
31 31.3.3 WIND) MODEL TURBULENCE F G
31 38 RESIDUAt OSCILLATIONS X F G
3139 SYSTEM lEST & MONITORING F C

PRO VIS ON.S
31 39 1 HUH. T EIN. IfT EOUIPMENT IBIT) X P S
3,1 39 1 1 PR t F I( 4, (RI PREENGAGE BIT F G
313912 MA; NT-%,\NCE 1 tI X F L
31 392 INF LICHT MONITORING X P S

3.14 MFCS DESIGN F G
3 1 4 1 MECHAN•CAL MFCS DESIGN F G
3 I 4 1 1 RtVFRIF1ON BCOSTED SYSTEMS F G
3 1 4 2 ELECTRICAL MFCS DESIGN X F L
314 2 1 USF OF M1ECHANICAL LINKAGES F C
3 1,5 AFCS DESIGN F C
3 15 1 SYSTEM F .OUIREMFNTS F G

"3.15 1 1 CONTROl. STICK iOR WHEEL) X F S
ST" EElING

3 I 1 2 FLIGHT DIRECTOR SUBSYSFEM F L X"*3 15 2 AFCS INTERFACE

Stitle paragrapi'
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SPEC. LEVEL OF TEXT FOR
PARAGRAPH TITLE RECOMM. COMPLIANCE STRINGENCIUSER GUIDE

31.5 2 I TIE-IN WITH EXTERNAL GUIDANCE F G
3.1.5.2.2 SERVO ENGAGE INTERLOCKS X P S
3.1.52.3 ENGAGE-DISENGAGE TRANSIENTS F G

S* 31,53 AFCS EMERGENCY PROVISIONS
3.1.5.3.1 MANUAL. OVERRIDE CAPABILITY F G
3.1.5.3.2 EMERGENCY DISENGAGEMENT F G
31.6 MISSION ACCOMPLISHMENT X F L

RELIABILITY
3.1.7 OUANTITATIVE FLIGHT SAFETY X F S
3.1.7.1 OUANIlTA1 IVE FLIGHT SAFETY - X F S

AWLS

3.1.7.'1.1 ASSESSMENT OF AVERAGE RISK OF A X F L
HAZARD

3.1.7.1.2 ASSESSMENT OF SPECIFIC RISK X P L
3.1.8 SURVIVABILITY F G
3 1.8.1 ALL ENGINES OUT CONTROL X F G
3.1 9 INVULNERABILITY F G
3.1,9.1 INVULNERABILITY TO NATURAL F G

ENVIRONMENTS
3.1.9.2 INVULNERABILITY TO LIGHTNING F G

STRIKES & STATIC ATMOSPHERE

ELECTRICITY
3.1.93 INVULNERABILITY TO INDUCED F G

ENVIRONMENTS
3.1.9.4 INVULNERABILITY TO ONBOARD F G

FAILURES OF OTHER SYSTEMS
ANDIOR EQUIPMENT

3.1.9.5 INVULNERABILITY TO MAINTENANCE F G
ERROR

3.1.9.6 INVULNERABILITY TO PILOT & F G
FLIGHT CREW INACTION & ERROR

3.1.9.7 INVULNERABILITY TO ENEMY ACTION F G
3.1.10 MAINTENANCE PROVISIONS F G
3.1.10,1 OPERATIONAL CHECKOUT PROVISIONS F G
3.1.10.2 MALFUNCTION DETECTION & FAULT X P S

ISOLATION PROVISIONS
3.1.10.2 1 USE OF COCKPIT INSTRUMENTATION X P S

3.1,022 PROVISIONS FOR CHECKOUT WITH X P S
PORTABL E TEST EQUIPMENT

3.1.10.3 ACCESSIBILITY & SERVICEABILITY F G
3.1.104 MAINTENANCE PERSONNEL SAFETY F G

PROVISIONS
3.1.11 STRUCTURAL INTEGRITY
3.!.11 1 ST RENGTH F G
311111 DAMAGE TOL ERANCE F G
3 1.11.1.2 LOAD CAPABILITY OF DUAL-LOAD- F G

PATH ELEMENTS
3.1.11.2 STIFFNESS F G
31.113 DURABILITY F G X
3.1.12 WEAR LIFE F G

* 3.2 SUBSYSTEM & COMPONENT DESIGN
REQUIREMENTS

3.2.1 PILOT CONTROLS & DISPLAYS " F S
3,2.1.1 PILOT CONTROLS FOR CTOL X P S

AIRCRAF r

312.1.1.1 ADDITIONAL REQUIREMENTS FOR DNV
CONTROL SLICKS

* title paragraph
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SPEC. LEVEL OF TEXT FOR

PAAGRAPH TITLE RECOMM. IOMPLIANCE USER GUIDE

3.2.1.1.2 ADDITIONAL REQUIREMENT FOR F G
RUDDER PEDALS

3.2.1.1.3 ALTERNATE OR UNCONVENTIONAL F G
CONTROLS

3.2.1.1.4 VARIABLE GEOMETRY COCKPIT DNV
CONTROLS

3.2.1.1.5 TRIM S.VITCHES X P S
3.2.1.1.6 TWO-SPEED TRIM ACTUATOR X F L
3.2.1.1.7 FCS CONTRC-L PANEL F G
3.2.1.1.8 NORMAL DISENGAGEMENT MEANS F G
3.2.1.1.9 PREFLIGHT TEST CONTROLS F G
3.2.1.2 PILOT CONTHOLS FOR ROTARY-WING DNV

AIRCRAFT
3.2.1.2.1 INTERCONNECTION OF COLLECTIVE DNV

PITCH CONTROL & THROTTLE(S)
FOR HELICOPTERS POWERED BY
RECIPROC4,TiNG ENGINE(S)

3.2.1.2.2 INTERCONNECTION OF COLLECTIVE DNV
PITCH CONTROL & ENGINE POWER
CONTROLS FOR HELICOPTERS
POWERED BY TURBINE ENGINEIS)

3.2.1.2.3 ALTERNATE OR UNCONVENTIONAL DNV
CONTROLS

3.2.1.3 PILOT CONTROLS FOR STOL DNV
AIRCRAFT

* 3.2.1.4 PILOT DISPLAYS
3.2.1.4.1 FCS ANNUNCIATION F G
3.2.1.4.2 FCS WARNING & STATUS P G

ANNUNCIATION
3.2.1.4,2.1 PREFLIGHT TEST (BIT) STATUS F G

ANNUNCIATION
3.2.1.4,2.2 FAILURE STATUS X F G
3 2.1.4.2.3 CONTROL AUTHORITY ANNUNCIATION x F S
3.2.1.4.3 LIFT & DRAG DEVICE POSITION X F G

INDICATORS
31.1.4.4 TRIM INDICATORS F G
3.2.1.4.5 CONTROL SURFACE POSITION P G

INDICATION
3.2.2 SENSORS F G

* 3.2.3 SIGNAL TRANSMISSION
*3.2.3.1 GENERAL REQUIREMENTS

3.2.3.1.1 COPtTROL ELEMENT ROUTING F G
3.2.3.1.2 SYSTEM SEPARATION. PROTECTION. F I

& CLEARANCE
3.2.3.1.3 FOULING PREVENTION F C
3.2.3.1.4 RIGGING PROVISIONS F X

* 3.2.3.2 MECHANICAL SIGNAL TRANSMISSION
3.2.312.1 LOAD CAPABILITY F G
3.2.3.2.2 STRENGTH TO CLEAR. OR OVERRIDE F

JAMMED HYDRAULIC VALVES
3.2.3.2.3 POWER CONTROL OVERRIDE F

PROVISIONS
3.2.3.2.4 CONTROL CABLE INSTALLATIONS F G
3.2,3.2.4.1 CONTROL CABLE F G
3.2.3.2.4.2 CABLE SIZE F G
3.2.3 2.4.3 CABLE ATTACHMENTS F G
3.2.3.2.4.4 CABLE ROUTING F G
3.2.3.2.4.5 CABLE SHEAVES F G
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11
i SPEC. LEVEL OF STEXT FOR

PARAGRAPH TITLE RECOMM. COMPLIANCE TRINGENC SER GUIDE

3.2.3.2.4.6 CABLE & PULLEY ALIGNMENT F G
3.2.3.2.4.7, PULLEY-BRACKET SPACERS X P S X
3.2.3.2.4.8 SHEAVE GUARDS F G X
3.2,3.2.4.9 SHEAVE SPACING F G
3.2.3.2.4.10 CABLE TENSION F G
3.2.3.2.4.11 CABLE TENSION• REGULATCRS F G
3.2.3.2.4.12 FAIRLEADS & RUBBING STRIPS F G X
3.2.3.2.4.13 PRE3SURE SEALS F I X
3.2.3.2.5 1 USH-PULL HOD INSTAI LATIONS F G
3.2.3.2.5.1 PUSH-PULL ROD ASSEMBLIES X P S
3.2.3.2.5.2 LEVERS & BtLLCRANKS F G
3.2.3.2.5.3 PUSH-PULL ROD SUPPORTS F G
3.7.3.2.5.4 PUS 4-PULL HOD CLEARANCE F G
3.2.3.2.6 CONTROL CHAIN F G
3.2.3.2.7 PUSH-PULL FLEXIBLE CONTROLS F G
3.2.3 3 ELECTRICAL SIGNAL TRANSIISSION X L
3.2.3.3.1 ELECTRICAl. FLIGHT CONTROL (EFCF G

INTERCONNECTIONS
3.23.3,.1.1 CABLE ASSEMBLY DESIGN & F

CONSTRUCTION
3.2.3.3.1.2 WIRE TERMINATIONS F G
3.2.3 3.1.3 INSPECTION & REPLACEMENT G
3.2.33 2 MULTIPLEXING N/A G.

*3.2.4 - SIGNAL COMPUTATION
*3.2.4.1 GENERAL REDUIREMENTS

3,2.4.1.1. TRANSIENT POWER EFFECTS F G
3.2.4.1.2 INTERCHANGEABILITY X F L

*3.2.4.1.3 COMPUT ER SIGNALS
3.2.4.1.3.1 SIGNAL TRANSMISSIONS F G
3.2.4.1.3.2 SIGNAL PATH PROTECTION F G

*3.2.4.2 MECHANICAL SIGNAL COMPUTATION
3.24.2.1 ELEMENT LOADS F G
3.2.4.2.2 GEARED MECHANISMS F G
32.4.2.3 HYDRAULIC ELEMENTS F G
3.2.4.2.4 PNEUMATIC ELEMENTS F C

*3,24.3 ELECTRICAL SIGNAL COMPUTATION
3.2.4.3.1 ANALOG COMPUTATION F C

3,2.4.3.2 DIGITAL COMPUTATION X N/A L
3,2.4.3.2.1 MEMORY PROTECTION N/A G
3.2.4.3.2.2 PROGRAM SCALING N/A G
3,2.4.3.2.3 SOFTWARE SUPPORT X N/A G

*3,2.5 CONTROL POWER
3.2.5.1 POWER CAPACITY F G
3.2.5.2 PRIORITY F G
3.2.5.3 HYDRAULIC POWER SUBSYSTEMS F G
3.2.5.4 ELECTRICAL POWER SUBSYSTEMS F G
3.2,5.4.1 ELECTROMAGNETIC INTERFERENCE X P S

LIMITS
3.2.5.4.2 OVERLOAD PROTECTION F G
3.2.5.4.3 PHASE SEPARATION & POLARITY X F L

REVERSAL PROTECTION
3.2.5,5 PNEUMATIC POWER SUBSYSTEMS N/A G

*3.2.6 ACTUATION"*3.26.1 LOAD CAPABILITY

3.2.6.1.1 LOAD CAPABILITY OF ELEMENTS X F L X
SUBJECTED TO PILOT LOADS

3.2.6.1.2 LOAD CAPABILITY OF ELEMENTS F G
DRIVEN BY POWER ACTUATORS

3.76.2 MECHANICAL FORCE TRANSMITTING X F L
ACTUATION PROVISIONS
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SPEC. LEVEL OF STRINGENCI TEXT FOR
PARAGRAPH TITLE RECOMM. COMPLIANCI USER GUIDE

3.2.6.2.1 FORCE TRANSMITTING POWERSCREWS X F L
3.2.6.2.1.1 THREADED POWERSCR EWS F G
3.2.6.2.1.2 BALLSCPLWS X F
3.2.6.3 MECHANICAL TORQUE TRANSMITTING

ACTUATION PROVISIONS
3.2.6,3.1 TORQUE 1UBE SYSTEMS X F L
3.2.6.3.1.1 TORQUE TUBES F G
3.2.6.3.1.2 UNIVERSAL JOINTS F G
3.2.6.3.1.3 SLIP JOINTS X F L
3.2.6.3.2 GEARING X P L
3.2.6.3.3 FLEXIBLE SHAFTING DNV
3.2.6.3.4 HELICAL SPLINES N/A L
3.2.6.3.5 ROTARY MECHANICAL ACTUATORS X P L
3.2.6.3.6 TORQUE LIMITERS F G
3-2.6.3.7 NO-BACK BRAKES F G x
3.2.6.4 HYDRAULIC ACTUATION PROVISIONS X P S X
3.2.6.4.1 HYDRAULIC SERVOACTUATORS F G X
3.2 ..4.2 MOTOR-PUMP - SERVOACTUATOR X N/A L

IMPS) PACKAGE
3.2.6.4.3 ACTUATING CYLINDERS X F X
3.2.6.4.4 FORCE SYNCHRONIZATION OF F

MULTIPLE HYDRAULIC
SERVOACTUATORS

3.2.6.4.5 HYDRAULIC MOTORS F G
3.2.6.5 ELECTROMECHANICAL ACTUATION X F L X
3.2.6.6 PNEUMATIC ACTUATION DNV
3.2.6.6.1 HIGH-PRESSURE PNEUMATIC DNV

ACTUATION
3.2.6.6.2 PNEUMATIC DRIVE TURBINES DNV

"*3.2.6.7 INTERFACES BETWEEN ACTUATION
SYSTEMS, SUPPORT STRUCTURE. &
CONTROL SURFACES

3.2.67.1 CONTROL SURFACE STOPS F G
3.2.6.7.1.1 ADJUSTABLE STOPS F G
3.2.6.7.2 CONTROL SURFACE GROUND GUST F G

PPOT ECTION
3.2.6.7.2.1 CONTROL SURFACE LOCKS x F L
3.2.6.7.2.2 PROTECTION AGAINST INFLIGHT x F L

ENGAGEMENT OF CONTROL
SURFACE LOCKS

3.2.6.7.3 CONIROL SURFACE FLUTTER & F G
BUZZ PREVENTION

3.2.7 COMPOINJENT DESIGN
* 3.2.7.1 COMMON REQUIREMENTS

3.2.7.1.1 STANDARDIZATION F G
3.2.7.1.2 INTERCHANGEABILITY F G
3.2.7.1.3 SELECTION OF SPECIFICATIONS & F G

STANDARDS

3.2.7.1.4 IDENTIFICATION OF PRODUCT F G
.,. 7.1.5 INSPECTION SEALS x P S

3 .7 1.6 MOISTURE POCKETS F G
3 2.7 2 MECHANICAL COMPONENTS , F G

f 3272.1 BEARINGS F S
3.2,7.2.1,1 ANTIFRICTiON BEARINGS X P L
3.2.7.2.1.2 SPHERICAL BEARINGS F G
3.2,7.2.1,3 SINTERED BEARINGS F G
32.7.2.2 CONTROLS& KNOBS F G
3272.3 DAMPERS F G
3.2.7,2.4 STRUCTURAL FITTINGS F G
3.2.725 LUBRICATION X F
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SPEC. LEVEL OF TEXT FOR
PARAGRAPH TITLE RECOMK. COMPLIANC STRINGENC USER GUIDE

312.7.3 ELECTRICAL & ELECTRONIC X P S X
COMPONENTS

3.2.7.3.1 DIELECTRIC STRENGTH X F L
3.2.7.3.2 MICROE LECTRONICS X F L
32.7.33 BURN-IN X F L x
312.7.3.4 SWITCHES X F L
3.2.7.3.5 THERMAL DESIGN OF ELECTRICAL & F G

ELECiRONIC EQUIPMENT
3,2.7.36 POTENTIOMETERS F G
3.2.8 COMPONENT FABRICATION F G
3.2.8.1 MATERIALS ýF G
3.2.8.1.1 METALS X F L
3.2.8.1.2 NONMETALLIC MATERIALS F G
3.2.8.1.3 ELECTRIC WIRE AND CABLE F G
3.2.8.2 PROCESSES
3.2.8.2.1 CONSTRUCTION PROCESSES X F S

3.2.8.2.2 CORROS!ON PROTECTION F G
3.2.8.2.3 FABRICATION OF ELECTRICAL & X F G

ELECTRONIC COMPONENTS
3.2.8.3 ASSEMBLING
3.2.83.1 MECHANICAL JOINING F G
3.2.8.3.1.1 JOINING WITH REMOVABLE F G

FASTENERS
3.2.8.3.1.2 JOINING WITH RIVETS F G
3.2.83.1.3 THREADED JOINTS F G
3.28.3.2 JOINT RETENTION F G
3.2.83.2.1 RETENTION OF THREADED JOINTS F G
3.2.8.3.22 RETENTION OF REMOVABLE F G

FASTENERS
3.2.8.3.2.3 USE OF RETAINER RINGS F G
3.2.8.3.3 ASSEMBLY OF ELECTRONIC

COMPONENTS
3.2.8.3.3.1 ELECTRICAL & ELECTRONIC PART F G

MOUNTING
3.2.83.3.2 SHIELDING & BONDING OF FINISHED F G

SURFACES I
3.28333 ISOLAT;ON OF REDUNDANT CIRCUITS F G
3.2.8.3.3.4 ELECTRICAL CONNECTOR F G

INSTALLA TION
3.2.8.3.3.5 CLEANING OF ELECTRICAL F G

ASSEMBLIES
3.2.9 COMPONENT INSTALLATION
3.2.9.1 BASIC REQUIREMENTS F G
3.292 LOCATING COMPONENTS F G
3.2.9.3 INSTALLATIONS IN FUEL SYSTEM F G

AREAS
3.:.9.4 ELECTRICAL & ELECTRONIC F G

COMPONENT INST A.LLATIONS
3.2.9.5 ELECTRiCAL & ELECTRONIC F G

EQUIPMENT COOLING
3.3 ROTARY WING PERFORMANCE & DNV

DESIGN
2.3.1 SPECIAL MFCS PERFORMANCE DNV

REQUIREMENTS

3.3.2 SPECIAL AFCS PERrORMANCE DNV
REQUIREMENTS

3.3.2.1 ATTITUDE HOLD WPITCH ROLL. & YAW) DNV
3.3.2.2 HEADING HOLD & HEADING SELECT DNV
S33.23 ALTITUDE HOLD

33.2.3.1 BAROMETRIC ALTITUDE DNV
"STABILIZATION

* title paragraph



SPEC. LEVEL OF TEXT FOR
PARAGRAPH TITLE RECOMM. COMPLIANCI USER GUIDE

3.3.2.3.2 STABILIZATION OF ALTITUDE ABOVE DNV
THE TERRAIN

3.3,24 HOVER HOLD DNV
33.2 5 VERNIER CONTROL FOR HOVERING DNV
3326 GROUNDSPEED HOLD DNV

3.3 3 SPECIAL DESIGN REQUIREMENTS

3.3,31 MFC$ DESIGN

333.11 CONTF,•(. I-LFDBACK DNV
33.3 1.2 FEEl AUGkIFNIATION DNV
333.2 AFCS oe "1(•,* DNV
3 3 33 SWASHPLAI POWER ACTUATORS

3.3.3.3.1 REDUNI)ANCY DNV

3.3.3.3.2 JAMMING DNV
3.3.3.3.3 FREQUENCY RESPONSE DNV
33.3.4 ACTUATION STIFFNESS DNV

33.3.5 FATIGUE LIFE DESIGN DNV
3335.1 FAIL SAFE DNV

33,3.5.2 DISPLAY DNV

3.3.36 BUILT-IN TEST DNV

4.0 OUALITY ASSURANCE
4,1 GENERAL REQUIREMENTS

4.11 METHODS FOR DEMONSTRATION OF F G

COMPLIANCE F
4.1.1.1 ANALYSIS

4.1.1.2 INSPECTION F G
4.11.3 TEST F G

4.2 ANALYSIS REQUIREMENTS F G

42A PILOTED SIMULATIONS X F G
4.3 TEST REQUIREIENTS
4ý3.1 GENERAL TESr REQUIREMENTS
43.1.1 TEST WITNESS X F '

4.312 ACCEPTANCE TESTS F
4.3.1 3 INSTRUMENTATION X F

43.1 4 TESr CnNOITICNS x F L
4.32 LARORATORY TESTS
4.3.2,1 COMPONENT TESTS
4.3.22 FUNCTIONAL MOCKUP & SIMULATOR X F L X

TESTS

4.3.2.3 SAFFTY-OF-FLIGHT TESTS F G
43.2.31 COMPONENT S;.FETY-OF-F LIGHT F G

TESTS

43.2.32 SYSTEM SAFETY-OF-FLIGHT 1 ESTS X P S

4,3.3 AIi RAAFT GROUND TESTS F G

43.4 FLIGHT! TFSTS F G X
4.4 DOCIJ.) AI IION F G
44 1 FC: ( 'I P% I PtENT PLAN F G
44,2 FCS • ,;Si)•..AfON F G
4.43 DEýGUN & lESr 0ATA REQUIREMENTS X F L
4.43 1 FECS ANALYSIS REPORT F G

4A432 FCS Q•).LIý ICAT IO'1.4 & INSPECTION F G
REPOPT

4433 FCSTTSr P'.R' F G

5.0 PREPAR TION FOR DELIVERY

5 1 PACKAGING 1EOUIREMENTS DNV
* 6.0 NOTES

6.1 INTENDEr; DNV
62 PROCEDURE ý'P REQUESTING DNV

DEVIAT II•N".

6 3 REORDERED EUtIIMFrJT OR SECOND DNV
SOU•RCE PROCUR• .'fNT
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SPEC. LEVEL OF TRINGEN TEXT FOR
PARAGRAPH TITLE RECOMM. COMPLIANC N SER GUIDE

6.4 USER'S GU,0E DNV
6.5 ABBREVIAI IONS DNV
66 DEFINITIONS X P L
6.7 USE OF LIMITED COORDINATION DNV

SPECIFICATIONS

6.8 IDENTIFICATION O CHANGES DNV

• title paragraph

Table Svm:,ols

Specification Recommendation

(blank) - retain requirement as stated

X - recommendation made

DNV - did not validate

Level of Compliance

F - full compliance

P - partial compliance

N - no compliance

U - undetermined

'N/A - not applicable to C-5A

St r inicncy

G, - good as is

S - too strict

- too lenient

CNA - could not assess

Text for Users Guide

(blank) - no text change

X - text provided for inclusion
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SECTION V

RECOMMENDATIONS

Lockheed recommends that theseproposed changes applicable to transport
type aircraft be reviewed for possible incorporation into the next revision
of the specification. Such considerations should take into account that
detail requirements and limits for a large military transport type aircraft
will, in some cases, differ from those detail requirements and limits for other
types of aircraft when the aircraft are to meet the lowest life cycle costs.
This is true particularly because of differences in mission types and dura-
tion, operational environment, design service life, design maneuver limits
and speed limits. A comparison of these parameters for typical fighter and
transport is as follows.

Parameter Fighter Transport

Typical Mission Duration (Hours) 1 6
Exposure to Hostile Environment Usually Rarely
Design Service Life (Flight Hours) 4,000 3o,oo0 -,40,000

Design Maneuver Limits (+gs) 8-9 2.5
Speed Limits (Mach No.) >. 1.0 <1.0

It is therefore recommended that where maximum cost effectiveness cannot be
achieved because of unrealistic limits, detailed requirements be defined
separately and realistically for various classes of aircraft. Lockheed also
recommends that the additional data suitable for the "Users' Guide" and sup-
plied in connection with the C-5A validation be incorporated into the guide to
provide additional insight into the individual requirements.

Finally, Lockheed recommends that more comprehensive requirements pertinent
to active controls such as for stability augmentation, lift distribution
control, gust and turbulence attenuation and flutter suppression be developed
for addition to the specification. Other particularly important requirements
recommended for change are listed and discussed below.

1.2 Classification. FCS classifications as presently defined in the
specification are a confusing mixture of control functions, system types
and hardware. It has been recommended a further breakdown of classifications
and new definitions related to control functions and the method for initiating
control activity, but not related to system mechanization methods. "Function'
has been defined in order to satisfactorily classify control systems criti-
cality. These clarifications are believed to be important and applicable to
all classes of CTOL aircraft.

I .2.3 KS Criticality Classification. The requirements under this paragraph
which define the essential criticality of FCS functions must be clarified
and generally agreed upon for uniformity of interpretation. The mechaniza-
tions to achieve various flight control functions can be vastly different
for a fighter and a heavy transport aircraft due to space and available
power supply redundancy.
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3.1.2.11 Flight Load Fatigue Alleviation. This requirement for flight load
fatigue alleviation has application on the heavy transport aircraft which has
operational envelopes different from the other aircraft categories. The
specification is currently unclear in relating flight control and airframe
structural requirements.

3.1.3.3.4 Failure Transients. The requirement dealing with failures which
result in Operational State III seems to be too restrictive. Rather than
specifying a maximum load factor increment (1.5 g's), structural limits
along with recovery and controllability should be the major considerations.
For Class III airplanes, MIL-F-8785B is more applicable.

3.1.6 Mission Accomplishment Reliabilitv. The quantitative value stated
in the requirement is believed to be unrealistic and should be revised.
In addition, the requirement should be expressed in terms of the mission
flight hours as recommended in this validation.

3.1.7 q.aantitative Flight Safety. It is reco mended that the numerical
values of the aircraft loss rate specified in Table VII be revised to reflect
an aircraft loss rate that is a function of mission length expressed in flight
hours. In addition, the semantics of Requirement 3.1.7.1 dealing with the
AWLS_ safety should be revised and 3.1.7.1 .1 Assessment of Average Risk of a
Hazard changed to 3.1.7.1.1 Hazard Risk Assessment for clarification as has
been recommended in Lockheed's validation.,

3.1.8 Survivability

3.1.8.1 All Engine-Out Control. Heavy transport are generally required to
meet the minimum requirement of maintaining operational State IV after the
loss of all engines as discussed in comment on 1.2.2.4 Operational State IV.

3.2.1 .1 Pilot Controls for CTOL Aircraft. This specification should allow
more design flexibility to be commensurate with the aircraft and mission
requirements. This can be achieved, as has been recommended, by deletion
of the last sentence of the requirement for "Strict adherence to the pre-
scribed location and maximum range of motion of these controls is required."
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